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1 INTRODUCTION
Silicon - halogen compounds are reactive tov/ards a variety of
1 2 3 2 4 5reagents such as water 9 , alcohols , phenols , amines , and organ-
6 7omagnesium halides 9'. Typical reactions are discussed by G-ilmang
and Dunn in a review comparing organosilicon and carbon compounds, 
and by Rochow^ . In addition to their general reactions, which are 
facilitated by the large covalent radius of silicon, the high elect­
ronegativity difference between silicon and the halogens, and the
presence of unoccupied d orbitals in the silicon valence shell,
10 11 12enabling at least temporary formation of a five covalent species * ’*
silicon-halogen compounds undergo a large number of halogen or
pseudo-halogen’ replacement reactions. These are governed in
13general by bond energy considerations , and usually the halogen of 
lower atomic weight replaces the one with the higher. Where 
volatility or solubility relations are favourable, however, the 
reverse reaction is sometimes observed. Numerous studies with
13,14
silver salts have been reported"* and several authors
have established 'conversion series' for the action of silver salts
13and anhydrous halogen acids
Various otlier compounds are effective in producing halogen
exchange, for example ammonium fluoride with silicon-chloride 
17compounds , and of particular interest for the work described in 
this thesis, a large number of halogen replacement reactions are 
effected by covalent metal halides. While a number of ordinary sub­
stitution reactions, and many of the halogen replacement reactions,
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L I B R A R Y
X^V/versV^
V
proceed by n u c le o p h il ic ,  p o s s ib ly  io n ic ,  and o f te n  heterogeneous 
mechanisms ( 6 . b ) ,  th o se  rep lacem ents in v o lv in g  covalen t m etal h a lid e s  
a re  l ik e ly  to  proceed  by co v a len t mechanisms, and in  p a r t i c u l a r ,  by 
c o -o rd in a tio n  to  th e  c e n tr a l  m etal atom of th e  h a lid e  a tta c h e d  to  
s i l i c o n ,  as d iscu ssed  below.
I t  i s  o f  i n t e r e s t  to  d isc o v e r  w hether, when a p a r t i c u la r  
halogen rep lacem ent r e a c t io n  o c cu rs , th e  co rresponding  is o to p ic  
halogen exchange can  a lso  o ccu r, and e lu c id a tio n  o f  is o to p ic  
exchange mechanisms shou ld  be u s e fu l in  th e  g en era l s tu d y  o f  s i l i c o n -  
halogen and o rg a n o s ilic o n  re a c t io n  p ro c e sse s . I s o to p ic  exchange 
r e a c t io n s  have th e  p a r t i c u la r  c h a r a c te r i s t i c  th a t  th e  r e a c t io n  
p ro ducts  a re  chem ically  id e n t ic a l  w ith  th e  r e a c ta n ts ,  and hence 
th e re  i s  no h e a t o r  en tropy  o f  re a c t io n  to  com plicate  th e  in te r p r e ­
t a t i o n  o r  com parisons w ith in  a s e r ie s  o f  a c t iv a t io n  en e rg ie s  o r 
e n tro p ie s .
C ovalent m etal h a lid e  halogen s u b s t i tu t io n  re a c tio n s  on s i l i c o n  
h a lid e s  which have been re p o r te d  inc lude  th e  conversion  o f  t r i -  
m ethy lch lo ro - and brom osilanes to  t r im e th y lf lu o ro -  and c h lo ro s ila n e s
18 6by th e  a c t io n  o f  antimony t r i f l u o r i d e  and t r i c h lo r id e  re s p e c t iv e ly ;
19th e  a c t io n  o f aluminium io d id e  on s i l i c o n  t e t r a f lu o r id e  and o f
20aluminium h a lid e s  on o rg an o flu o ro a ilan es  ; and th e  re a c tio n s  o f th e  
h a lid e s  o f  antim ony, alum inium , a r s e n ic ,  and tita n iu m  on s i l i c o n
21cyanates and  th io c y a n a te s  . I t  was observed th a t  th e  r e a c t io n  o f
aluminium iodide with triethylfluoro silane*" does not occur by 
nucleophilic substitution on silicon, but most probably by electro­
philic attack by aluminium iodide on the fluorine of the silicon-
4. _fluorine bond. The intermediates suggested are Et^Si , Ail^E ,
but these probably do not actually separate (6.b). ................
In a study of the kinetics of the reaction of methylmagnesium
6 7halides with trimethylhalogenosilan.es */ it was found that halogen
replacement as well as methylation occurred when the halogen of the
methylmagnesium halide was of lower atomic weight than that of
7the halogenosilane . Halogen replacement was observed separately 
for the action of magnesium bromide on trimethyliodosilane^ . Pre­
sumably the exchange mechanism was similar to that of the methy­
lation, which appeared to involve co-ordination of the silane 
halogen to magnesium, a process which would be expected to allow 
transfer of either a methyl group or a halogen atom to the central 
silicon atom.
In the present experimental studies attention is confined, 
apart from hydrogen chloride, to halogen isotopic exchange re­
actions of halides of aluminium, antimony and magnesium with tri- 
methylhalogenosilane s.
It is noteworthy that the covalent metal halides mentioned 
contain central metal atoms with unoccupied valence orbitals, and 
that in each of the compounds the metal can form further stable 
bonds, either directly or by co-ordination. Antimony can of course 
form antimony pentachloride, and antimony trichloride forms a large
-  3 -
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number of addition compounds * with aromatic 9 and oxygen
25 . 22 containing solvents, and with various adducts such as ammonia
2£
Aluminium halides form stable bridged dimers , and magnesium di- 
halides form stable dietherates . There is also evidence that 
magnesium halides, and aJ.kylmagne.sium halides together form bridged 
structures^ . It would be of considerable interest to discover 
whether a general pattern of reaction mechanisms exists involving 
co-ordination of the halosilane halogen to the central metal atoms 
(electrophilic attack on the silane halogen), and the study of 
isotorjic halogen exchange reactions with this class of compounds 
would afford a useful means of elucidating such mechanisms. Al­
though outside the scope of the present studies, it would also be 
of interest to find whether compounds such as lithium bromide, 
sodium iodide, and silver cyanide, in appropriate solvents, can 
effect isotopic halogen exchange with halogenosilanes, and whether 
the mechanisms would involve simple ionic species, as for example 
the exchanges between such salts and the alkyl halides in various 
solvents ". That such reactions need not necessarily occur with 
halogenosilanes is indicated by the fact that lithium bromide and 
calcium chloride, despite favourable solubility relations, do not
effect halogen replacement with triethylfluorosilane, whereas
20aluminium iodide does . Exchange studies involving the aluminium
halides would also be of interest because of the catalytic action of
these compounds in a number of organosilicon reactions' ^ , intra-
32molecular rearrangements and intermolecular halogen substitution
33rearrangements . Antimony trichloride also acts as a catalyst in
-  4  -
several organosilicon reactions'^1" and preparations'^.
When the present work was begun, the only reported isotopic 
exchange reactions of halogenosilanes were a slow exchange between 
hydrogen chloride and silicon tetrachloride-^ , and a very slow or
37negligible exchange between bromine and silicon _tetrabroina.de . . . . .  
(Exchange of iodine atoms between sodium iodide and iodomethyl-
7 0
trimethyl silane had also been reported'* ). While the work
described in this thesis was in progress, a study of the kinetics
of the exchange between hydrogen chloride and silicon tetrachloride 
39was reported , and exchange was observed between tetramethyl-
ammonium chloride and silicon tetrachloride and trimethylchloro-
silane^"0 . Antimony tribromide had been shown to exchange bromine
atoms with bromine*1"^ , but not with bromobenzene4^ or butyl bromide
43an a number of solvents . Antimony atom exchange had been
44observed between antimony trichloride and tribromide and during
the present work a study of the exchange of antimony atoms between
45the trichloride and pentachloride was published .
In preliminary investigations in this work (3*g) chlorine and 
bromine isotopic exchange were observed between trimethylbromo- and 
chlorosilanes and the corresponding halides of aluminium, antimony, 
and magnesium. (Magnesium chloride was omitted). Exchange was also 
observed between hydrogen chloride and trimethylchlorosilane. Of
these systems, antimony trichloride - trimethylchlorosilane was 
chosen for initial preliminary investigation, since the need for 
the development of methods of manipulation and separation made
-  5 -
desirable the use of readily purified and stable compounds, as 
well as a long lived isotope. It ?ras hoped that when these 
techniques had been developed, the trimethylchlorosilane - aluminium 
chloride and triraethylbromosilane - magnesium bromide systems 
could be investigated, but the complexity of the system chosen was 
greater than had been anticipated.
Apart from its interest as a reactant in the scheme of investi­
gation envisaged above, antimony trichloride seemed a suitable
46compound for use in exchange studies, as its vapour is monomeric ,
47and the molecule has been shown from electron diffraction and
) O
microwave spectral^ studies to have a symmetrical (pyramidal)
structure with all chlorine atoms equivalent. The solid crystals
49consist of a monomeric molecular lattice in which the chlorine 
atoms in each molecule are equivalent. Those in a free molecule 
are therefore certainly chemically equivalent, and in isotopic ex­
change reactions should exhibit simple exchange behaviour (2.a).
Benzene was initially chosen as a solvent because of the high
23solubility of antimony trichloride in it . Although a crystalline
07 O)
compound 2SbCl^.C^H^ was known to exist Ji from freezing point-
composition studies, the form of the diagrams also shows that the
compound is extensively dissociated in the liquid phase, although
50incomplete compound formation does probably persist . Freezing
point data also indicates some degree of association of antimony
51 52trichloride in benzene solution 9 . It was however expected
that, for such equilibria, the rate of turnover of the antimony
trichloride molecules between free and bound states would be 
rapid, and would ensure that over a finite period of time all the 
chlorine atoms would have occupied equivalent environments. If 
tliis was not the case it should be evident from the exchange 
curves. (A further discussion on antimony trichloride in benzene is 
given in Chapter 6),
The first exchange curve obtained (3* figure 8), at rather 
low reactant concentrations, was apparently linear within a limit 
of error of + %/ö on the values of F , although apparent linear­
ity within such limits need not necessarily mean that the reaction 
is not complex'^. Further curves obtained at higher concentrations
were markedly non-linear, and followed no definite pattern (fj.d.ii).
55At this time a paper was published which showed from infra-red
data that an antimony trichloride-benzene compound persists in the
liquid phase in benzene, and referring to viscosity''^ and other 
52 58studies * wliioh also indicate that this is the case.
As indeed the benzene data suggests interactions more complex 
than would have been expected between antimony trichloride and tri- 
methylchlorosilane, a solvent was sought in which solvent-solute 
interaction would be minimal. Antimony trichloride complexes with 
aromatics decrease markedly in stability with withdrawal of elect-
p i
ronic charge from the benzene nucleus'-*4’ : dibromo- and dichloro-
23benzene do not form complexes at all . An aliphatic hydrocarbon 
should not be capable, therefore, of forming a complex with antimony 
trichloride, and would be expected to have minimal solvating pov<rer.
-  7 -
Antimony trichloride was found to he soluble in n-hexane (ji.f.iv), 
a solvent with molecular weight and volatility similar to those of 
benzene, and a number of exchange curves were obtained under 
various conditions using this solvent.
Irreversible chemical reactions, between antimony trichloride., 
trimethylchlorosilane, and benzene were not expected, but tests 
7/ere made to confirm this expectation (3*f).
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2. DESIGN 0? EXPERIMENTS
(a) Considerations in the Determination of Exchange Hates,
Molecularity and Rate Constants
The determination of rate constants and concentration
dependence for isotopic exchange reactions has been discussed by,............................ gQ
Wahl and and in a recent review by Stranks and Wilkins
It is evident that the primary experimental requirement is the 
measurement of the fraction of exchange occurring between reactants 
during a given time and under specified conditions of concentration 
and temperature. Reactants, one of which is initially isotopically 
labelled, and which is of known specific activity in the case of radio­
active tracers, are mixed, and after a given time the change in specific 
activity in the reactants determined. Since it is usual to separate 
the reactants for this purpose, the investigation of an exchange re­
action in most cases devolves on finding methods of mixing the react- 
tants under definite conditions and subsequently separating them (see 
below).
For a simple isotopic exchange reaction in a stable homogeneous 
medium where the labelling isotope is present in tracer amounts the 
relation
In this expression (A) and (B) are the concentrations, in gram atoms 
per litre, of the species undergoing exchange between the reactants 
A and B . R is the net rate of exchange, for both active and inactive 
atoms, for given (A) and (B), and is a function of these latter and the
(1)
59can be shown to apply independent of the mechanism of exchange
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r a t e  co n stan ts  of th e  p a r t i c u la r  mechanisms by which exchange i s  p ro ­
ceed ing . F i s  th e  f r a c t io n  o f exchange observed a f t e r  se p a ra tio n  a t  
th e  tim e t  , and Fq ( the  * zero -tim e exchange* ) i s  the  f r a c t io n  
o f exchange o c cu rrin g  d u ring  s e p a ra tio n , m ixing, o r due to  incom plete 
se p a ra tio n . Thus f o r  a s e t  o f experim ents in  which (a ) , ( b ) ,F q and 
the  tem peratu re  a re  kep t c o n s ta n t, a p lo t  o f lo g  (1-F) v ersus t  w i l l
be l in e a r  w ith  s lope  R _ (A) + (b ) When the  exchange re a c t io n
2.303 (A) (b )
i s  complex, as f o r  example when th e  exchanging atoms in  one o f  th e  r e ­
a c ta n ts  a re  n o t a l l  e q u iv a le n t, such a p lo t  i s  no lo n g er l i n e a r ,  b u t 
may o fte n  be re so lv ed  in to  l in e a r  components.
From th e  exchange r a t e  and i t s  co n ce n tra tio n  dependence, r a t e  
co n stan ts  and th e  m o le c u la r ity  o f th e  re a c t io n s  can be c a lc u la te d  by th e
60g en era l methods o f re a c t io n  k in e t ic s  ( 4 .b ) .  The minimum req u irem en t 
fo r  o b ta in in g  th e  co n ce n tra tio n  dependence o f R a t  a g iven  tem p era tu re  
i s  the  d e te rm in a tio n  o f lo g ( l -F )  ve rsu s  tim e p lo ts  a t  two d i f f e r e n t  s e ts  
o f co n cen tra tio n s  o f the  r e a c ta n ts ,  assuming on ly  one mechanism to  be 
o p e ra tiv e . Should more than  one mechanism o ccu r, i t  would be n e ce ssa ry  
to  vary  one r e a c ta n t  c o n ce n tra tio n  a t  a tim e , a l l  o th e r  c o n d itio n s  be in g  
kept c o n s ta n t. Although th i s  i s  th e  more g en e ra l method, i t  a lso  
re q u ire s  a la r g e r  number o f experim en ts. However, a minimum coverage 
fo r  each r e a c ta n t  i s  ob ta in ed  in  th re e  experim ents w ith  the  c o n c e n tra tio n s  
p a ire d  as fo l lo w s :
a1 ?u1 *  a 2»^1 *  a1 i °2  *
This procedure was adopted in  th e  hexane s o lu tio n  experim en ts.
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2. (b) S ep a ra tio n  o f R eac tan ts
i .  Requirem ents and b a s is  o f method
The s e p a ra tio n  method must be such th a t  complete exchange 
i s  n o t produced by o r d u ring  i t ,  and f o r  eq u ation  ( l )  to  app ly , the  
amounts o f exchange o ccu rrin g  during  se p a ra tio n  in  a s e r ie s  o f e x p e r i­
ments needs to  be very  sm all o r e ls e  s e n s ib ly  c o n s ta n t. S ep ara tio n  
need n o t be complete prov ided  one comjjonent can be o b ta ined  en riched  
w ith  re s p e c t  to  the  o th e r ,  and th e  procedure i s  re p ro d u c ib le . The 
degree o f enrichm ent can be v a r ia b le  i f  th e  re s id u a l  component can be 
l e f t  p u re , as i t s  s p e c if ic  a c t i v i t y  can be used in  c o rre c t in g  th e  
s p e c if ic  a c t i v i t y  o f th e  en rich ed  f r a c t io n ,  (4«& »iii)»
In  th e  p re se n t r e a c t io n  system th e  r e a c ta n ts  a re  ve ry  re a d i ly  
hydrolysed  by w a te r , and hence aqueous e x tra c t io n  o r sep a ra tio n  methods 
a re  no t a p p lic a b le . The s o lu b i l i ty  o f th e  r e a c ta n ts  in  a wide range 
o f so lv e n ts  makes i t  d i f f i c u l t  to  f in d  a so lv en t e x tra c t io n  method, as 
the  re a c t io n  was a lre ad y  proceed ing  in  benzene o r hexane s o lu tio n . 
T rim e th y lch lo ro silan e  and th e  so lv en ts  used a r e ,  however, r e a d i ly  
sep ara ted  from antimony t r i c h lo r id e  by d i s t i l l a t i o n  a t  atm ospheric 
p re s su re . I t  was found p o s s ib le  to  sep a ra te  th e  v o l a t i l e  s i la n e  com­
ponent from th e  r e l a t i v e l y  in v o la t i l e  antimony t r i c h lo r id e  by ra p id  con­
t r o l le d  ev ap o ra tio n  o f th e  form er and th e  so lv en t from th e  re a c t io n  
so lu tio n  o r  a  sample o f i t  (see  3 » e . i i  fo r  experim en tal d e t a i l s ) ,  the  
re a c t io n  be ing  c a r r ie d  o u t in  a vacuum ap p ara tu s  v/ith th e  thoroughly  
outgassed  s o lu tio n  h e ld  under i t s  own vapour p re s su re . The sep a ra ted  
s i la n e  f r a c t io n  con tained  0 .2 ^  to  J\5fo o f the  t o t a l  amount o f antimony 
t r i c h lo r id e  i n i t i a l l y  in  th e  re a c t io n  so lu tio n  ( ta b le  2) depending on 
the  i n i t i a l  c o n c e n tra tio n s .
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ii. Theory of separation of volatile components from each other 
and the involatile component.
Assuming Raoult*s law, the rates of evaporation of the com­
ponents of a solution when the rate of removal of vapour from the 
space above the liquid is small compared with the rate of transfer 
across the surface plane will be proportional to their vapour pressures 
in the pure state and their mole fractions in the solution. However,
the number of molecules evaporated in unit time from a pure liquid into
61a perfect vacuum is shown by kinetic theory to be also inversely pro­
portional to the square root of the molecular* weight, and the rate of 
mass transfer to be thus directly proportional to it. Hence for
evaporation into a vapor pressure comparable with that at equilibrium 
we will have, for two components,
dN^/dt P1H / (  N1 + N2) , (2)
and similarly for dl^/dt. Hence
dN1/dN2 = p.,MiAy»2 . (3 )
When the pressure above the surface is small compared with the equili- 
brium pressure the right hand member of (3) will be multiplied by 
sj ( Mg/M«! ) • In the first case the relative volatility , r , of 
the two components is simply P^/P2 , and in the second, ( P^/P0)„/(M^/m ).
In either case, integrating from Nq to N ,
( nA o )1 = ( n/nq )| . (4)
Thus, if the vapour pressure of the volatile reactant is higher than that 
of the solvent, there will be, for partial separation, an enrichment of 
the former in the evaporated fraction with respect to the solution, as 
well as of course with respect to the involatile reactant which remains
-  12 -
largely unevaporated. Since (if) is dimensionless,
V b Q = ( v/vQ )x , (5)
where b is the total amount of the volatile component in the solution 
and v is the volume of the solvent, taken as that of the solution for 
dilute solutions. . For prediction.of the degree of solute. - solvent 
enrichment for partial evaporation it could be assumed that Raoultds 
law applied and any change in relative volatilities with cooling of the 
liquid during evaporation neglected. In fact the degree of enrichment 
of silane with respect to solvent was found to be somewhat greater than 
that predicted from Raoulte*s law (fj.b.iv), and therefore even greater 
than predicted by inclusion of the molecular weight terra. The amount 
of antimony trichloride carried over with the separated silane wa3 much 
the same whether evaporation was partial (8Q>b) or complete.
If the freezing point of the solution is accessible and reached, 
then for a dilute solution of a compound miscible in all proportions with 
the solvent, pure solvent will freeze out until the remaining liquid is 
at the eutectic composition of the solvent-solute system. This in 
general will produce considerable enrichment of the volatile solute in 
the remaining liquid, and hence a relatively increased rate of evaporation 
of the solute. In such cases a higher recovery of volatile solute from 
the solution would be obtained than by continued evaporation from the 
liquid system. This would be an advantage when the solute is less 
volatile than the solvent.
iii* Exchange during separation.
Since separation is effected by the purely physical process of 
evaporation, induced exchange during separation should not occur and
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and t h i s  was found to  be n e a r ly  the  case ( f j . b . i i i ) .  Once tr im e th y l-  
c h lo ro s ila n e  and any antimony t r i c h lo r id e  c a r r ie d  in  th e  vapour stream  
have p assed  from th e  re a c t io n  s o lu t io n , any f u r th e r  exchange between 
them w i l l  n o t a f f e c t  the  s p e c if ic  a c t i v i t y  o f th e  ch lo rid e  co n ta in ed  in  
th e  sep a ra te d  f r a c t io n ,  and we need only  co n sid er the  re a c tio n  s o lu t io n . 
In  g e n e ra l ,  s e p a ra tio n  tim es were sh o r t compared w ith  h a l f  tim es o f 
exchange ( le s s  than  0 .1$  -1 $ ) ,  and on ly  a sm all amount o f exchange would 
th e re fo r  occur d u ring  se p a ra tio n . S ince th i s  amount f ix e s  th e  in te r c e p t  
o f th e  lo g  (1-F ) ve rsu s  t  p lo t ,  i t  i s ,  however, u se fu l to  determ ine 
i t s  v a lu e  e i th e r  by c a lc u la t io n  o r experim ent and thus o b ta in  a  f ix e d  
p o in t  through which th e  exchange curve would be expected to  p a s s . I t  
should th e n  be p o s s ib le  to  take  a sm alle r number o f m easurem ents, in  
which f o r tu i to u s  v a r ia t io n  could  o therw ise  produce a much d i f f e r e n t  
in te r c e p t ,  and an in a c c u ra te  s lope  f o r  the  p lo t .  The v a l id i ty  o f th e  
c a lc u la t io n  can be checked by perform ing a s e t  o f experim ents s u f f ic ie n t  
to  o b ta in  a curve p a ss in g  through th e  c a lc u la te d  p o in t ,  w ith in  th e  
observed  l im i t s  o f e r ro r  and a lso  by s e p a ra tin g  a r e a c t io n  so lu tio n  
im m ediately  on m ixing, and observ ing  the  f r a c t io n  o f exchange, Fq .
This v a lu e  w il l  be su b je c t to  the  e r r o r  o f a s in g le  experim ent, however, 
and w i l l  be expected  to  agree  w ith  th e  c a lc u la te d  value only  w ith in  
t h i s  l i m i t .
Tlie amount o f antimony t r i c h lo r id e  in  the  s o lu tio n  w il l  rem ain 
approx im ate ly  c o n s ta n t; i t  w i l l  be assumed th a t  R, th e  number o f ex­
change ev en ts  p e r u n i t  tim e in  u n i t  volume, has been ob ta ined  a s  a 
fu n c tio n  Ox the  c o n ce n tra tio n s  o f th e  r e a c ta n ts  and th a t  the  v a r ia t io n  
V b Q and v/v^ w ith  tim e has been ob ta in ed  by c a lc u la t io n  o r e x p e r t—
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ment. The case of the simple bimolecular process will he treated as 
an example. Considering R as a variable, and T as referring to time 
during separation, then for unit volume
p
Rfp = const. (A) (b ) = ab/v . (6)
For the whole volume,
net = const, ab/v
Considering the corresponding expression for T = 0 ,
net RT/RTo = bvc/ bov = (B)/(B0) • (7)
Assuming that (8) applies, this gives
V y  = (v/v0)r - 1 . (8)
Inserting experimental values of b/b^ and- v/vq in (7) or calculating 
on the basis of (8) there can be constructed a graph of relative net 
rate versus time, or volume remaining. Integrating from v = 0 to v 
will give the ratio of the amount of exchange occurring during 
separation up to this volume remaining, relative to that which would 
have occurred in the same time if the system were left undisturbed.
The fraction of exchange occurring in the undisturbed system during 
the time T can be calculated from the observed half time of exchange.
For example, for a constant rate of evaporation, and r = 2 , this
ratio calculated on the basis of (8) would have the value 7r(l+v/vQ). 
Hence up to time T the fraction of exchange occurring during separation 
would be given by
log (1-F0) = (1 + v/v0)T log (1 -F ) . (9)
2t
Where F is the fraction of exchange observed for a reaction time t
la rg e  compared w ith  T. I f  T i s  taken  as th e  tim e re q u ire d  f o r  
complete s e p a ra tio n , then  v/ v q van ishes in  ( 9) .  
iv .  E f f e c t  o f incom plete s e p a ra tio n .
P rov ided  th e  se p a ra tio n  procedure i s  re p ro d u c ib le , incom plete 
se p a ra tio n  w i l l  have th e  e f f e c t  o f d isp la c in g  th e  exchange curve w itn  
re s p e c t to  th e  lo g  (1 -F ) a x is ,  th e  slope rem aining c o n s ta n t^ ' . A 
co n stan t p ro p o r tio n  o f th e  in v o la t i l e  component c a r r ie d  over w ith  the  
sep ara ted  f r a c t io n  w i l l  le a d  to  a  co n sta n t p ercen tage  increm ent in  th e  
f r a c t io n  o f exchange (which i s  a  measure o f th e  t r a n s f e r  o f a c t i v i t y  
from one compound to  th e  o th e r ) ,  which w i l l  produce a c o n s ta n t a b so lu te  
d isp lacem ent on a lo g a rith m ic  s c a le .
The r e p r o d u c ib i l i ty  o f s e p a ra tio n  i s  shown in  ta b le  1 , s e c tio n  
3 * e . i i  and i t s  e f f e c t  on th e  exchange curves in  f ig u re  12. 
v* A p p lic a b i l i ty  o f  th e  se p a ra tio n  method.
From th e  above d isc u ss io n  i t  w i l l  be seen th a t  th e  method of 
sep a ra tio n  could  be a p p lie d  to  any r e a c t io n  system c o n s is tin g  o f  a 
v o la t i l e  and r e l a t i v e ly  in v o la t i l e  r e a c ta n t ,  in  e i th e r  th e  p resence  or 
absence o f a so lv e n t . The method could a lso  be ap p lied  to  r e a c ta n ts  
o f comparable v o l a t i l i t y ,  th e  degree o f enrichm ent to  be expected  be in g  
p re d ic ta b le  from eq u atio n  4 , 2 . b . i i .  In  such systems th e  r e s u l t s  would 
probab ly  be much l e s s  a cc u ra te  than  when th e  v o l a t i l i t y  d if fe re n c e  i s  
la rg e .  I t  can be seen from th e  experim en tal r e s u l t s  ( f ig u re  12) th a t  
the  accuracy  i s  somewhat l e s s  in  th e  p re s e n t r e a c t io n  s tu d ie s  when th e  
f r a c t io n  o f exchange based on sep a ra ted  s i la n e  i s  u n co rrec ted  f o r  
antimony t r i c h lo r id e  c a r r ie d  over.
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(c) REACTION PROCEDURES
i. Maintenance of purity and effect of impurities»
Since the reactants are readily hydrolysed, experiments
must be carried out under anhydrous conditions, especially, since the
*
presence of hydrolysis products might accelerate the exchange reaction. 
To check whether the precautions taken are adequate, experiments should 
be made with impurities added and their effect observed. Such experi­
ments are discussed in Chapter 5«
ii. Concentrations, temperatures and volumes.
As wide a range of concentrations as is feasible should be 
employed, and a range of temperatures adequate to determine activation 
energies. The solution sample volume should be sufficient for 
accurate analysis of its components, but small enough for convenient 
and sufficiently rapid separation. The lower concentration limit will 
be governed by the accuracy of analysis, and too high concentrations 
should not be used if appreciable variation in the reaction environment 
is to be avoided. The concentration of antimony trichloride that 
could be used in hexane is in any case limited by its solubility. The
values used, and details of individual experiments, are given in 
Chapter 5»
iii. Minimization of error, 
a. By procedure.
Apart from making errors as small as possible by care in 
manipulation and analysis, the effect of errors can be further reduced 
by proper design of experiments, as indicated below.
The compound present in lower concentration should if possible
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be the one initially labelled so that the change in specific activity 
is greatest. In radio-assay the samples counted and analysed should 
be independently pipetted to reduce transfer error, and the activities 
used should be high enough for good counting statistics. The deter- 
miniation of fraction of exchange should preferably be based on the 
compound not initially labelled, so that it is calculated as the ratio 
of two specific activities, and the ratios of differences are not 
involved. Continued sampling experiments will give more precise 
fractions of exchange (^.a.ii.b) than single sample experiments, in 
which each F value contains the transfer errors involved in making up» 
the reaction solution sample. 7/hen samples are counted for radio- 
activity at different times, a standard should be counted with them, 
and, in the case of continued sampling experiments where all samples 
are counted in one group, the order of counting adopted should place 
the samples requiring greater counting accuracy nearest to the standard 
sample (j5.h.v).
b. By choice of sampling time.
62Davidson and Sullivan ^ have shown that in determinations of 
fractions of exchange from the compound initially labelled, the error 
in R for a given total count passes tlirough a minimum with time of 
reaction. Two half times (75% exchange) can be shown to be a best 
choice for a range of values of (A):(b ) from 1 to 0.1, where A is 
initially labelled. However, in experiments of the present kind, the 
fraction of exchange can be determined more precisely from the activity 
of the compound not initially labelled and for a given number of total 
counts per sample the absolute error increases with F, the percentage
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error remaining constant. However, since the count rate increases 
with F, and of course longer counting times can often he used, the 
percentage error in F can he made to decrease with increase in F. 
Typically, at F = 0.20 the error was 1 . 7 and at 0.60,1.^o. Points 
on the log (1-F) versus time plot need to he sufficiently far from 
the origin to give an accurate value of the slope,("preferably spaced 
at even intervals for fitting the curve), hut not so far that the 
absolute error becomes too large.
iv. Mass and activity balance.
If all material is recovered and counted, the total in£>ut 
counts should he observed. If only a portion of each rea,ctant is 
recovered and counted, there should still he a balance of specific 
activities. This would he confirmed if the fractions of exchange based 
on the activities of the two separated reactants agree within expected 
experimental error, and also if the final specific activity in either 
reactant or the totally hydrolysed reaction solution agrees with that 
calculated from the relation
Soo S (A)° TaTTTbT (10)
where reactant A initially contains all activity, and Sq is 
determined from independent measurements.
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3 . EXPERIMENTAL
(a ) G eneral
i .  G enera l te c h n iq u e .
The se p a ra tio n  method was based  on vacuum ev apora tion  from an 
outgassed  re a c t io n  so lu tio n  p rep ared  under anhydrous c o n d itio n s , and 
fo r  k in e t ic  experim ents i t  was found convenient e v e n tu a lly  to  p u r ify  
or p repare  a l l  compounds and s o lu tio n s  under vacuum, and, as f a r  as 
p o s s ib le , in  a l l - g l a s s  a p p a ra tu s , 
i i .  Vacuum system .
This was c o n s tru c te d  o f ^y rex *  g la s s ,  w ith  conven tional 
ground g la s s  s topcocks, A main m anifold o f 3 cm d iam eter tu b in g  ran  
on e i th e r  s id e  o f a re c ta n g u la r  open box fram e, and was pumped through 
a l iq u id  a i r  tra p  by a f a s t  th re e  s tag e  mercury d if fu s io n  pump backed 
by a m echanical o i l  pump. The p re s su re  in  th e  m anifold  was r e g is te r e d  
by means o f a  Penning io n iz a t io n  gauge connected to  a micro-ammeter and 
jo in ed  to  the  vacuum m anifold  through a l iq u id  a i r  t r a p .  The gauge was
n o t c a l ib r a te d ,  b u t in d ic a te d  the  re s id u a l  gas p re ssu re  to  approxim ately
-610 mm o f m ercury. In  g en e ra l th e  m anifold was kep t pumped a t  th a t  
in d ic a te d  p re s s u re . In d iv id u a l vacuum assem blies  were connected to  the  
m anifold through l iq u id  a i r  t ra p s  to  p rev en t v o la t i l e  and ra d io a c tiv e  
w astes from reach in g  the  pumps. An a u x i l ia ry  g la s s  m anifold ca rry in g  
dry  n itro g e n  was connected through h igh  vacuum stopcocks to  each o f the  
in d iv id u a l vacuum l in e s .  A ll new g la ss  o r m etal assem blies were flam ed 
out under vacuum as f a r  as p o s s ib le  o r e ls e  h ea ted  in  p o s it io n  w ith  dry  
n itro g en  p a ss in g  through them.
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iii. Miscellaneous Purifications.
a. Nitrogen.
Nitrogen for use in manipulating anhydrous solutions or 
compounds was freed of all traces of oxygen, moisture and carbon 
dioxide by passage though liquid sodium-potassium alloy. (Mass 
spectrometric analysis of nitrogen purified in this way shows no peaks 
whatever at mass numbers corresponding to these compounds J ).
b. Mercury.
Mercury purified by distillation in air was further puri-
-5fied by distillation under vacuum at 10 mm Hg, and was usually dis­
tilled directly into the apparatus in which it was to be used.
c. Solvents.
Benzene and n-hexane were dried by refluxing over liquid 
sodium - potassium alloy. Analar benzene was simply distilled from 
the alloy, but ’chemically pure' hexane was fractionated through a 30” 
packed column, a middle fraction boiling over a 0.2° range being taken. 
Reaction solutions were made up from outgassed solvents stored under 
vacuum over sodium-potassium alloy. The storage vessels connected to 
the vacuum system through a fine glass sinter to prevent any carry-over 
of solid material. Stopcocks lubricated with silicone high-vacuum 
grease were used to close off the vessels, as this grease was found to 
withstand the solvent vapours for long periods, 
iv. Miscellaneous methods.
a. Glassware cleaning.
Glassware was cleaned when necessary with a mixture of 2($ 
concentrated hydrogen peroxide solution and 80^ of concentrated sulphuric 
acia. This solution removes silicone and hydrocarbon greases, hydrolysed
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antimony compound deposits and most others without dissolving the 
glass. In stubborn cases 2tyb hydrofluoric acid solution was used to 
remove silicone and other deposits.
b. Magnetic stirring.
Magnetic stirrers were made of mild steel cylinders enclosed 
in glass. (Suitable lengths from nails of various sizes are convenient­
ly used). The stirrers were actuated by a bar-magnet mounted on a 
pulley on the shaft of a bicycle hub, and driven by a belt from a 
similar pulley on an axle parallel to the first, both being mounted on 
the same base plate. The second axle extended through the pulley and 
connected through a length of heavy rubber tubing to a stirrer motor.
This assembly allowed the magnet to be operated under apparatus in a 
thermostat bath, with the stirrer motor above and to one side, 
v. Temperature control
The temperatures of water filled thermostat baths were usually 
maintained to + 0.03°C ( at 20° to 40° ), and the thermometers used were
calibrated against standard thermometers to give the temperature accurate 
to + 0.05°C .
(b) Preparation of Inactive Compounds 
i. Trimethylchlorosilane.
The trimethylchlorosilane used in preliminary experiments to 
establish exchange was prepared from silicone tetrachloride via trimethyl- 
phenylsilane and trimethylbromosilane, by the action of antimony tri-g
chloride on the latter . Rate experiments were made with the material 
prepared by the cleavage of hexamethyldisiloxane when this intermediate 
became available. Cleavage with aluminium chloride was found more
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convenient than cleavage by ammonium chloride in the presence of con­
ge 66centrated sulphuric acid Ji and better than 75/« yield was obtained 
by the action of a small excess of commercial anhydrous aluminium 
chloride on hexamethyldisiloxane, These methods are preferable to 
distillation of the technical material because of the certainty of 
obtaining only the monochlorinated silane.
The compound was further purified by fractional distillation under 
dry nitrogen to a boiling range of 0,1° at 56°/710 mm, followed by 
outgassing under vacuum, and several passages through a trap at -70° to 
remove any hydrogen chloride, a small initial and final fraction being 
discarded. (The vapour pressures of the two compounds at this 
temperature are approximately 10 mm and 1500 ram). The process was 
continued until constant vapour pressure had been obtained and successive 
fractions of the sample showed the same vapour pressure (72.4- mm at 0°) 
to within + 0.1 mm.
ii. Trimethylbromosilane.
This compound was prepared by the direct cleavage with
16bromine of trimethylphenylsilane , and also by the action of aluminium
64.bromide in ether solution on hexamethyldisiloxane . The former
intermediate was prepared in yield from silicone tetrachloride by
successive reaction with phenylmagnesium bromide and methylmagnesium 
30 67bromide" 3 . Improved yield (greater than 9Q^) was obtained in the
first method of preparation by the addition of a small quantity of 
aluminium powder to produce aluminium bromide, by analogy with the use 
of aluminium iodide as a catalyst in the preparation of trimethyliodo-
silane"'^ . The product in either case was fractionally distilled to a 
boiling range of 0.5° at 80°C.
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i i i . Antimony t r i c h l o r i d e .
Commercial antimony t r i c h lo r id e  was d r ie d  over phosporous
41
pentoxide in  a vacuum d e s s ic a to r ,  d i s t i l l e d  tw ice a t  50 mm p re ssu re  
in  a slow stream  o f d ry  n itro g e n , and th e  r e c e iv e r  then  connected to  
a vacuum su b lim atio n  assem bly.
The compound was f i n a l l y  d r ie d  by m e ltin g  under vacuum, and o u t-  
gassed a t  10 ^ mm. I t  was th en  tw ice sublim ed, w ith  in te r m it te n t  
pumping, to  s e a l - o f f  ampoules co n ta in in g  g la s s  b reak  s e a ls  (f ig u i'e  1 ) .  
The r e s u l t in g  m a te r ia l m elted  sh arp ly  a t  73° and gave an a n a ly s is  
w ith in  0.1/& o f th a t  re q u ire d  by th e  fo rm ula.
(c ) P re p a ra tio n  o f L abe lled  Compounds.
i .  R ad io -iso to p e s .
a . C h lo rin e -36 .
36T his iso to p e  was o b ta in ed  as HCl^ in  2 N h y d ro ch lo ric  
ac id  so lu tio n  from th e  Radiochem ical C en tre , Amersham, England.
b . Bromine-82.
One o r two l i t r e s  o f bromobenzene was exposed to  a slow 
neu tron  f lu x  o b ta in ed  by th e  m oderation , w ith  p a r a f f in ,  o f neu trons 
em itted  d u rin g  the  o p e ra tio n  o f th e  A u s tra lia n  N a tio n a l U n iv e rs ity  
Research School o f P h y s ic a l S c ie n c e s ’ 8 Mev c y c lo tro n . The a c t i v i t y  
produced was e x tra c te d  in to  w a te r , and i s o to p ic a l ly  d i lu te d  by shaking 
the w ater w ith  a few ml o f brom ine. The bromine was sejoarated from 
the  w a ter, and d r ie d  by d i s t i l l a t i o n  from phosphorous p en to x id e .
i i .  HC136 g a s .
H C r^ so lu tio n  was n e u tra l iz e d  w ith  d i lu te  sodium hydroxide 
s o lu t io n , th e  s o lu tio n  o f NaCl^3 evaporated  to  d ry n ess , and HCl^
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generated by the action of concentrated sulphuric acid on it,
36iii. A1C11
This compound was prepared essentially by the method of 
Wallace and Willard0^ . Silver chloride was prepared from H C l ^  
solution, dried with acetone and a heating lamp, and then by melting 
under vacuum. Dry aluminium turnings were shaken onto it and the two 
heated to 450° • A rapid evolution of aluminium chloride occurred. 
This was sublimed through a seal-off constriction and the residual 
material, sealed off.
iv. Me.SiCl36 .__2______
Purified trimethylchlorosilane was transferred under vacuum
on to solid Aid-, and the two left in contact for several hours.3
The silane was then returned to storage, with, if necessary, one or
two passages through a trap at -78° to re-establish constant vapour
pressure. It was subsequently found more convenient to equilibrate
36the silane with SbCd , which is soluble in trimethylchlorosilane to 
the extent of 11 moles per cent, 
v. Chlorine-36 gas
36Chlorine gas containing Cl'' was prepared in 10 mill-
equivalent quantities from HCl^ stock solution further diluted with
one normal hydrochloric acid solution, using the method of Brown,
69G-illies and Stevens , which gives a practically quantitative yield. 
The hydrochloric acid was run onto a 2-3 fold excess of potassium per­
sulphate in an apparatus flushed with dry helium or argon. The gas was 
gently bubbled through the mixture, which was heated to 70° to 80° •
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The chlorine evolved was dried by passage through concentrated 
sulphuric acid and frozen out of the carrier gas stream in a trap
surrounded by liquid air. The chlorine was outgassed by several cycles
-5of freezing with liquid air, pumping at 10 mm, thawing and freezing, 
and any water removed by several distillations from a trap at -80 to 
one cooled in liquid air. A further purification could, if required, 
be effected by the method of Fye and Beaver"^ , who used quartz apparatus 
and stopcocks lubricated with phosphoric acid; in the present work 
borosilicate glass and silicone stopcock lubricant were used, pre-treated 
by passage of chlorine vapour followed by pumping at 10 ^ mm to remove 
any volatile chlorinated products. Oxygen formed by the action of per­
sulphate on hot water was not entirely removed by the above processes. 
Passage of the chlorine through a trap at the melting point of pentane 
would, if necessary, be sufficient to achieve this. In the preparation 
of antimony trichloride under the conditions described below, the only 
oxychloride likely to be formed is antimonyl chloride'4' which is much 
less volatile than antimony trichloride, and in any case decomposes on 
heating to form antimony trichloride and the involatile antimony trioxide.
vi. SbCl363 ’
zg
Cl' was condensed into one limb of a two-limbed reaction 
vessel containing spectrographically pure antimony in one limb and 
containing a break seal for eventual removal of antimony trichloride.
The vessel was sealed off and the chlorine brought to -80° , or else the 
limb was cooled intermittently in liquid air, so that the vapour reacted 
with antimony at a controlled rate. When reaction was complete the 
vessel was heated to 200°-300° to ensure disassociation of any penta-
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Chloride formed, and complete reaction of traces of chlorine with excess 
antimony* The trichloride was subsequently sublimed under vacuum into 
a U-bend connecting to seal-off ampoules and the reaction vessel sealed 
off. Purifications was effected as for inactive antimony trichloride 
(3.b.iii), by freezing, pumping, and thawing cycles, followed by two 
successive sublimations with intermittent pumping. The purified com­
pound was sealed in storage ampoules containing glass break seals.
The crystals were well formed and melted sharply at 73°; analyses for 
chlorine and antimony gave values agreeing within 0.1 fo of those required 
by the formula.
vii. MgBr®2 , StBr®2 , AlBr®2 .
These compounds were prepared under anhydrous conditions by
the action of bromine, containing bromine-82, on the metals, contained
82under ether or benzene. SbBr^ has also been prepared by heating 
dry powdered NaBru2 with SbBr,,^ , and by the reaction of KBr82 
with Sb2(S04 )342 .
(d) Preparation and Manipulation of Reactant Solutions
i* Preparation and sampling of antimony trichloride solution, 
a. Under nitrogen.
Antimony trichloride, either inactive or labelled with 
chlorine-36 was sealed into a glass tube containing a break seal. This 
was joined through a seal off constriction to a solution storage and 
sampling apparatus, as shown in figure 1 . The same limb of the apparatus 
was also joined to a vessel containing outgassed benzene stored over 
sodium-potassium alloy. The connecting limb contained a glass sinter
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to prevent carry over of any solid material. With a short length of 
pressure tubing closing off the burette exit the apparatus was thorough­
ly evacuated with careful heating. Antimony trichloride was sublimed 
under vacuum into the vessel and benzene condensed onto it. The 
filling limb was then sealed off with the vessel cooled in liquid air. 
After re-attainment of room temperature the vessel was brought to 
atmospheric pressure with dry nitrogen. With nitrogen passing out 
the burette exit a teflon and glass needle valve (see below) was put in 
place as in the diagram. Application of nitrogen pressure and mani­
pulation of the stopcocks allowed the burette to be filled and the 
liquid levelled off, excess solution returning to storage. The sample 
could then be run from the burette with a slight following pressure of 
nitrogen. The burette was calibrated by weight with dry benzene; the 
volumes of successive 4.5 ml deliveries agreed within and of 2 ml
volumes within O.l#o.
Teflon and glass needle valve.
This valve was obtained from the Emil G-reiner Company,
26 - 28 North Moore Street, Dept. 221, New York 13> New York, U.S.A.
The split teflon ring supplied with the valve was found insufficient to 
seal in the connecting tubes, and a neoprene o-ring was used instead, 
b. Antimony trichloride solution prepared under vacuum.
In the continued sampling method used for the experiments with 
hexane solutions, antimony trichloride solution in hexane was prepared 
in all glass apparatus by essentially the same procedure as above. A 
250 ml bulb was connected through a glass sinter to a limb to which were 
joined, through seal off constrictions, two or three 50 ml storage bulbs,
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"A" in figure 3. The connected vessels were dried by being flamed 
while dry nitrogen was passed through them. The apparatus was tuen 
pumped and outgassed, with flaming, to a pressure of less than 10 ^ mm. 
Antimony trichloride was sublimed under vacuum into the 250 ml bulb, 
and an appropriate volume of outgassed hexane dried and stored over 
sodium-potassium alloy was condensed onto it. The vessel was then 
sealed off, and warmed to dissolve the antimony trichloride. For 
making up solutions at the highest concentrations used, the filling 
vessel was equilibrated at a temperature one or two degrees below that 
at which exchange experiments were to be conducted, and the saturated 
solution poured through the sinter into the storage bulbs. These were 
then cooled simultaneously in liquid air, and sealed off. Subsequently 
they were sealed to the kinetics apparatus as shown in figure 3, care 
being taken during the glass working to avoid heating too close to the 
break seal.
Before being connected to the filling vessel, the storage bulbs 
were thoroughly cleaned, and dried in an air oven. The limb containing 
the break seal was temporarily sealed off to keep it clean until ready 
for use.
ii. Trimethylchlorosilane solutions and sampling, 
a. Under nitrogen.
In preliminary experiments ( set 3* table 5 ) trimethyl­
chloro silane solution in anhydrous benzene was made up under nitrogen by 
much the same procedure and in similar apparatus to that used for 
antimony trichloride solutions. (3»d.i.). Manipulation of the solution 
under nitrogen resulted in a substantial change in concentration of a 0.01
-  2 9  -
molar solution after a number of samples had been withdrawn, and 
another system of delivering standard samples had to be devised* 
b. Vapour delivery.
Both silicone and hydrocarbon greases dissolve the vapour 
and an apparatus using convential glass stopcocks lubricated with them 
gave very erratic deliveries. A vapour delivery apparatus was construct­
ed using cut-offs consisting of steel balls held against ground glass
surfaces by mercury. The construction of such cut-offs has been
71described by Bottomley • The apparatus contained a storage bulb 
connecting to a manometer, and through a U bend containing a cut-off 
in each limb to a vapour space. This connected through a further U 
bend to the vacuum line* The two U bends connected through independent 
stox^cocks to a common mercury reservoir. The use of steel ball-ground 
glass valves in their place would have been an improvement, but the 
apparatus worked adequately with the stopcocks if they were only lightly 
greased. To prevent deposition of liquid silane in the vapour space 
and inlet it was found necessary to thermostat the space at a higher 
temperature than the storage space. In operation the apparatus de­
livered 0.2 m.e. samples with a variation of 0*3/o. It was however 
difficult to maintain and manipulate, and most of the experiments with 
benzene solutions were male with a delivery apparatus described below.
ii. c. Delivery of trimethylchlorosilene solution 
under vacuum.
Subsequent to the construction of the vapour delivery 
apparatus described above, high vacuum brass needle valves were obtained 
from the Hoke Company, 14-85 Dean Street, Englewood, N.J., U.S.A., and
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an apparatus for delivering, under vacuum, fixed volumes of a solution 
of trimethylchlorosilane in benzene was put into use and found complete­
ly satisfactory. A glass storage bulb was connected by a metal to 
glass seal to the brass connecting limb of one valve, and the outlet 
limb of this valve connected to the inlet of a second one, the outlet 
of the latter being connected by a further metal to glass seal to the 
vacuum line. The storage bulb was mounted vertically above the two 
valves. Before mounting the apparatus in this position the silane 
solution was prepared by condensing outgassed benzene dried over liquid 
sodium-potassium alloy into the bulb with the apparatus placed with the 
bulb lowest. An appropriate amount of purified silane was then con­
densed onto the benzene, the valves closed, and the solution melted. 
After shaking to produce homogeneity in the solution, the apparatus 
was connected to the line with the bulb uppermost. To deliver a 
sample, the space between the valves was evacuated, the lower valve 
closed and the other opened. The intermediate space filled completely 
with solution, and the upper valve was closed. The lower valve was 
opened, and the solution run into a bulb connecting to the vacuum line. 
This bulb was then cooled in liquid air to condense all the liquid and 
vapour from the delivery space and the lower valve closed. The sample 
was melted, and evaporated into the upper compartment of the reaction 
vessel.
Calibration by weight of benzene of the 2,5 ml delivery volume 
enclosed oy the valves gave values agreeing within 0,1/b, and the amounts 
oi silane delivered (0.3 me.) varied by + 0 ,2$%.
Since the dead space in the storage bulb increases as solution is
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run from it, the residual solution will be relatively depleted of 
silane, since the vapour pressure of the latter is higher than that of 
benzene. This effect would usually be negligible however. For 
example, for a 0.1 N solution of Me^SiCi in benzene the mole fraction 
of the former is approximately 0.01. At 25° the vapour pressure of 
the pure compound is - 250 mm; hence the number of milliequivalents 
occupying 1 ml of the vapour space is 0.000127. Removal of 20 ml of 
solution will cause 0.0025 m.e. of silane to enter the vapour phase, 
so that provided say 10 ml of solution remains, the change in concentrat­
ion will be from (30 x 0 .1000)/30 to (10 - .0025)/l0; i.e. from .100011 
to 0.09998N.
Subsequently the valves were used to close off storage bulbs 
containing pure trimethylchlorosilane. The compound was found, by 
separate tests, not to affect the surface of polished and degrease brass 
or copper; any moisture present is of course converted to anhydrous 
hydrogen chloride. Antimony trichloride solutions v/ere found to 
deposit antimony metal on the copper or brass surfaces even under 
anhydrous conditions.
(e) Exchange Rate Experiments 
i. Single sample method.
In this method, used for the experiments v/ith benzene 
solutions, the whole of the reaction solution (5 ml) was separated at 
one time. Thus each experiment gives only one value of the fraction 
of exchange, and a number of experiments must be made to obtain an 
exchange curve. This limitation was largely imposed by the need to 
conduct the reaction in a vacuum system, because of the separation
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m ethod, and b ecau se  a t  f i r s t  s u i t a b le  s topcocks f o r  th e  co n ta in m en t and 
d e l iv e r y  o f  v o l a t i l e  l i q u id s  u n d er h ig h  vacuum c o n d itio n s  w ere n o t  
a v a i la b le *
The r e a c t io n  v e s s e l  c o n s is te d  o f  a  ground j o i n t  a p p a ra tu s  f i t t e d
w ith  h ig h  vacuum sto p co ck s  a s  shown in  f ig u r e  2 , th e  low er com partm ent
c o n ta in in g  a m agnetic  s t i r r e r  s e a le d  in  g l a s s .  The upper and lo w er
com partm ents w ere s e p a ra te d  by  a. th i n  w a lled  g la s s  b u lb , w hich co u ld
be b roken  when d e s i r e d  by a  p lu n g e r  s l id in g  in  a  double o - r in g  s e a l  in
72p r e c i s io n  b o re  g la s s  tu b in g
The neoprene o - r in g 3  u sed  in  t h i s  s e a l  w ere l i g h t l y  g re a se d  w ith  
s i l i c o n e  h ig h  vacuum g re a s e ,  and a f t e r  an i n i t i a l  o u tg a s s in g  p e r io d ,  
movement o f  th e  p lu n g e r  h a rd ly  e f f e c te d  a  vacuum o f  10 mra.
B efo re  u s e ,  th e  r e a c t io n  v e s s e l  was th o ro u g h ly  c lean ed  and d r ie d  
in  an a i r  oven , th e n  connec ted  by  one ground j o i n t  and one p r e s s u re  
tu b in g  co n n ec tio n  to  th e  vacuum l i n e  c o n ta in in g  th e  t r im e th y lc h lo r o -  
s i la n e  s to ra g e  assem bly . The v e s s e l  was f i n a l l y  d r ie d  by  f la m in g
b o th  under vacuum and f i l l e d  w ith  d ry  n i t r o g e n ,  and ev acu a ted  to  a
-6p re s s u re  o f  10 mm. The low er com partm ent was f i l l e d  w ith  d ry  
n i t r o g e n ,  and w ith  a  c o u n te r  c u r r e n t  o f  d ry  n i t r o g e n  p a s s in g  o u t th e  
s id e  arm o f  th e  s to p c o c k , th e  t i p  o f  th e  antim ony t r i c h l o r i d e  s o lu t io n  
b u r e t t e  ( f ig u r e  1) was in s e r t e d  th ro u g h  th e  b o re  o f  th e  s to p c o c k , and 
a 2 ml -  5 nil sample o f  s o lu t io n  d e l iv e r e d  in to  th e  v e s s e l .
A f te r  re c o n n e c tio n  o f  th e  v e s s e l  to  th e  vacuum l i n e ,  th e  s o lu t io n  
was o u tg a ssed  by  c y c le s  o f  f r e e z in g ,  pumping and thaw ing  to  a  r e s i d u a l  
p re s s u re  o f l e s s  th an  10 mm. T r im e th y lc h lo ro s ila n e  s o lu t io n  s to r e d  
and d e l iv e r e d  under vacuum ( 3 * d . i i . c )  was condensed in  th e  u p p er ____
com partm ent, coo led  by  p o u rin g  l i q u id  a i r  on a  w rapping  o f c o t to n  
w ool. The r e a c t io n  v e s s e l  was th e n  p la c e d  in  a th e rm o s ta t  b a th ,  and 
connected  th ro u g h  th e  s e p a ra t io n  s i n t e r  v e s s e l  ( 3 . e . i i i )  to  th e  
s e p a ra t io n  l i n e ,  f ig u r e  4 .  When te m p e ra tu re  e q u ilib r iu m  had been  
re a c h e d , th e  r e a c t io n  was s t a r t e d  by  b re a k in g  th e  g la s s  bu lb  and a llo w ­
in g  th e  upper s o lu t io n  to  d r a in  in to  th e  s t i r r e d  low er s o lu t io n .  A f te r  
an a p p ro p r ia te  tim e th e  s to p co ck  c lo s in g  th e  u p p er com partm ent wa„s 
opened to  a llo w  r a p id  e v a p o ra tio n  o f  th e  v o l a t i l e  components o f  th e  
s t i r r e d  r e a c t io n  s o lu t io n  in to  a l i q u i d  a i r  t r a p  ( 3 » e . i i i ) .
The c o n c e n tra t io n s  o f  th e  r e a c ta n t s  in  th e  r e a c t io n  s o lu t io n  w ere
c a lc u la te d  from  th e  c o n c e n tra t io n s  and volum es o f  th e  r e a c ta n t  s o lu t io n s
( 4 . a . i i ) ,  a p p ro p r ia te  c o r r e c t io n s  b e in g  made f o r  th e  change o f  benzene
73d e n s i ty  w ith  te m p e ra tu re  .
The ground j o i n t  c o n n e c tin g  th e  two p a r t s  o f  th e  r e a c t io n  v e s s e l  
and th e  two s to p co ck s  were g re a se d  w ith  s i l i c o n e  h ig h  vacuum g r e a s e ,  a s  
t h i s  i s  much l e s s  s o lu b le  in  h y d ro -ca rb o n  s o lv e n ts  th an  h y d ro -ca rb o n  
g re a s e s .  However, th e  l a t t e r  w ere u sed  when n o t in  p ro lo n g ed  c o n ta c t  
w ith  so lv e n t v a p o u rs , a s  th e y  a re  much more r e a d i ly  removed.
E f f e c t  o f vapour dead space on c o n c e n tra t io n  and exchange
The r e a c t io n  s o lu t io n  volume was u s u a l ly  5-'10 m l, and th e  t o t a l  
volume o f  th e  r e a c t io n  v e s s e l  80 m l. I t  can r e a d i ly  be c a lc u la te d  
tha/t a t  th e  c o n c e n tra t io n s  u se d , o f  th e  o rd e r  o f  one p e r  c e n t  o f  
t r im e th y lc h io ro s i la n e  was in  th e  vapour p h a se . However, i t  h as  b een  
dem onstrated"^4" tha /t i s o to p ic  e q u ilib r iu m  i s  rea-ched in  such c irc u m s ta n c e s  
in  a  few m in u te s , and a s  m ost h a l f  tim es  w ere g r e a te r  th a n  s e v e r a l  
hundred m in u te s , any e f f e c t  on th e  f r a c t i o n  o f  exchange due to  a  sma,ll
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fraction of the silane being present as vapour would be negligible, 
ii. Reaction kinetics experiments with continued sampling.
The apparatus finally developed, and used for kinetics 
experiments with hexane solutions, is shown in figure 3* This 
apparatus depended on the use of a. greaseless stopcock obtained from 
the Springham Company, Harlow, England, and allov/ed the withdrawal 
under vacuum of a number of samples of solution without contamination 
of the remainder. The general method was found to be very satisfact­
ory, although requiring considerable mechanical care in the preparation 
of reaction solutions, and allowed the reaction to be carried out in 
all glass apparatus closed off by a small surface of polythene ( 0.25 cm ).
Although slightly soluble in hydrocarbons at elevated temperatures
75polythene is one of the most inert of plastics , and in the form used, 
0.004” sheet, has the desirable property of deforming slightly under 
pressure to give a high vacuum seal against glass. Teflon sheet was 
found unsatisfactory as it wrinkled too easily.
V/ith the reaction vessel the opposite way up to that shown in the 
diagram, a storage bulb, A, containing antimony trichloride solution, 
was sealed to the bulb B, care being taken not to heat too close to the 
break seal. Dry nitrogen was then passed through the heated vessel 
which was connected to the vacuum system, and contained a temporary 
opening in the limb S . This was then sealed off and the vessel 
evacuated, v/ith heating, to 10 mm. When it was thoroughly outgassed 
a, small amount of trimethylchlorosilane was condensed into it, to react 
v/ith any remaining adsorbed reactive layers on the glass. The vessel was 
again evacuated, an appropriate amount of the silane condensed into it,
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and the valve closed. After equilibration of the vessel at the 
reaction temperature (with the vessel exit closed with a rubber stopper) 
the striker S was dropped on the break seal and solution poured be­
tween A and B until the reactants were thoroughly mixed. The vessel 
was then placed in the thermostat bath in the position shown in figure 3> 
the base plate of the bath having been, until then, closed off with a 
rubber stopper. The upper of the two O-rings shown served as a 
temporary water seal until the lower one was fixed in position, and the 
two served as a stable, flexible and water tight support, allowing the 
vessel to be rotated or moved up and down. The evaporation vessel K 
and the separation sinters were put in place and evacuated, the upper 
sinter vessel being connected to the separation line (figure 4) through 
a length of pressure tubing.
For withdrawal of a sample, the stopcock above the top sinter was 
closed, and the valve G- slightly opened. The pressure of vapour in 
the reaction vessel forced out a stream of solution, which continued to 
emerge provided the vessel K was kept at a lower temperature. When 
a sufficient sample ( 6 - 7 nil ) had been removed the valve was closed, 
and with the stirrer L rotating rapidly, the evaporation vessel was 
opened to an evacuated hydrolsis trap containing a measured volume of 
hydrolysis solution frozen in liquid air (see below). When evaporat­
ion to dryness was complete, the hydrolysis trap was closed, and the 
rest of the space brought to atmospheric pressure with dry nitrogen.
The vessels K and M were replaced with similar ones, after the body 
of vaJ-ve G- had been flushed clean of any residual antimony tri­
chloride with benzene from a hypodermic syringe forced in through a
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thin polythene tube and glass jet. Hydrolysis solution was pipetted 
into K. and the dissolved antimony trichloride solution assayed for 
antimony and radioactivity. The hydrolysis trap was warmed to room 
temperature, shaken, and the aqueous phase separated into a centrifuge 
tube for assay for chloride, antimony and radioactivity.
For analysis of the reaction solution a sample was withdrawn from 
the reaction vessel into an evacuated volume measuring apparatus 
(figure 5) with provision for sealing off, and a stopcock and ground 
joint for connection to a separating funnel. The measuring volume 
consisted of a 6 ml bulb below a length of graduated precision bore 
tubing, 4 mm in diameter. When a sample had been sealed into the 
vessel and brought to temperature equilibrium at 20°, the liquid level 
in the tubing was read with a cathetometer. The volume obtained was
73corrected to the temperature at which the reaction was being carried 
out. (The volumes calculated from liquid levels thus measured were 
checked with weighed samples of water and found to be accurate to 
+ 0.01 ml).
The apparatus was then connected to a separating funnel containing 
a measured volume of hydrolysis solution, and the stopcock opened to 
allow the aqueous and solvent phases to be shaken together. The 
aqueous phase was then separated and assayed.
i'rom the total count ra,te and total chloride the specific activity 
infinite time (complete redistribution) was calculated, and from the 
count rate and the antimony concentration the initial specific activity 
(when antimony trichloride was initially labelled) was calculated. The 
antimony value gave the concentration of antimony trichloride in the
-  37 -
reaction solution, and from the difference between the amount of 
chloride due to antimony trichloride and the total chloride the con­
centration of trirnethylchlorosilane could be calculated. When the 
silane was initially labelled its specific activity v/as determined 
directly, and the observed count rate in a reaction solution sample 
also used as a measure of the silane concentration.
The fraction of exchange based on trirnethylchlorosilane was in 
general calculated from the ratio of the observed specific activity in 
a separated sample to that of the totally hydrolysed sample. The 
fraction of exchange, and hence the observed half-time of exchange, 
is thus independent of any determination of the actual concentrations 
employed. An example of the calculation of concentrations and 
fractions of exchange is given in the section on calculation of results, 
iii. Separation procedure and apparatus.
As has been stated, the method of separation employed v/as 
evaporation of the volatile solvent and solute from the practically 
involatile solute, antimony trichloride. It was found that when the 
solvent was well outgassed and effectively stirred, rapid controlled 
evaporation to a liquid air trap could be effected with little or no 
frothing of the liquid, provided that the vapour flow rate was limited 
by a glass sinter of suitable porosity. The sinter also acted to 
prevent any carry over of fine spray in the vapour stream. In the 
development of the method capillary tubing was found unsuitable as a 
resistance to vapour flow.
The separation vessels are shown in figures 2 and 3* The 3 cm 
diameter flat bottomed vessels contained a magnetic stirrer sealed in
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glass. The vessel connected to a 3 cm diameter glass sinter (either
No,2 or No.3)> connecting through a stopcock and ground joint (or
pressure tubing) to the separation line. For the n-hexane system a
further coarse sinter was inserted before the finer one to keep the
latter clean of spray (figure 3)» Several separation traps could be
joined by ground joints to the line (figure 4)» The traps were
closed with a 6 mm stopcock, and had a cooled area of approximately 
2100 cm . Before separation, hydrolysis solution was pipetted into 
a trap, frozen in liquid air and the residual gas evacuated. After 
separation the trap was warned to room temperature and the sample 
thus hydrolysed without loss.
The observed rates of evaporation and efficiencies of separation 
are discussed under experimental results (3*b ). 
f . Subsidiary Experiments
i. Test for chemical reaction in the exchange system
Trimethylbromo- and chiorosilanes can be converted in good
yeild to the corresponding chloro- and fluoro- compounds by the action
6 18of antimony trichloride and trifluoride respectively' 3 . It is
hence unlikely that further reaction occurs between antimony tri­
chloride and triraethylchlorosilane. However antimony trichloride
76can, under favourable conditions, act as a Freidel-Crafts catalyst ' , 
and formation of trimethylphenylsilane with elimination of hydrogen 
cliloride is conceivable. It has in fact been shown that under rather 
severe reaction conditions, trichloro- and dichloromethyl- silanes 
react with benzene, in the presence of aluminium chloride, to produce 
trichloro- and dichLoromethylphenylsilanes, with elimination of hydrogen''^ .
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Anhydrous benzene ( 0*2 moles ), trimethylcliloro silane 
( 0.15 moles ) and purified antimony trichloride ( 0.05 moles ) were 
refluxed for 15 hours. Despite small mechanical losses, approximate­
ly 9OJ0 of the silane was recovered by fractional distillation, and 
no confound boiling between 5^° and 80° was apparent. Most of the 
benzene was recovered by fractional distillation, and no compound was 
evident from 8C° to 220°, the boiling point of antimony trichloride 
at atmospheric pressure, on distillation of the residue through a 
short unpacked column. Trimethylphenylsilane boils at 172°.
That antimony trichloride and trimethylchlorosilane do not react 
chemically with one another was confirmed by the measurement of the 
vapour pressure of a saturated solution of the former in the latter 
(3«f*ii), and was further indicated during exchange experiments by 
the high recovery (up to of readily hydrolysable chloride in the
separated trimethylchlorosilane fra.ction; by the recovery of nearly 
pure antimony trichloride; and by the balance of specific activity in 
these experiments. The chlorine atom in the chloromethylsilanes for 
example is only hydrolysed with difficulty^  ,
ii• Vapour pressure of a solution of antimony trichloride 
in trimethylchlorosilane.
A saturated solution of antimony trichloride in trimethyl­
chlorosilane was prepared under vacuum arid its vapour pressure 
observed with a mercury manometer in which the mercury column rose
into an evacuated space. The solution was maintained at 20.0° +
_ _ oG,^: , and the vapour pressure did not change over a period of 15
hours. The observed value was 175*5 mm of mercury, and that of the
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silane (purified to constant vapour pressure) in the same apparatus 
was 189.1 mm. Hence the fractional decrease of the vapour pressure
was 0.929 . The solution was analysed for chloride and antimony,
and the mole fraction of trimethylchlorosilane found to be 0.921
-1Since the vapour pressure of antimony trichloride is less than 10 mm 
at 20°, the vapour pressure lowering agrees ?/ell with that calculated 
from Raoultefs law. This confirms that no reaction occurs between 
the confounds to produce new chemical entities, but does not exclude 
addition compound formation between them. If an addition compound 
had negligible vapour pressure, and all antimony trichloride was 
present in such a form, the amount of trimethylchlorosilane held in 
the bound form is such that the mole fraction of the free silane re­
mains little altered over a range of concentrations; the mole fraction 
values would be, for example, 95/100 for no addition compound, and 
90/95 if an addition compound was formed.
iii. Conductance of antimony trichloride in 
benzene and hexane
The apparent conductances, in a cell with bright platinum 
electrodes, of solutions of antimony trichloride in anhydrous benzene 
and hexane were practically identical with that of the solvents over a 
range of frequencies, and extrapolated to zero conductance. No 
change of conductance was observed over a period of 24 hours. The use 
of undried "Analer" benzene had negligible effect on the conductance, 
as did the addition of trimethylchlorosilane to the benzene solution. 
The conductance bridge used was a Jones type constructed by Leeds and 
Northrup, and could be matched, at 2000 cycles per second, to 29,900
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ohms within one or two ohms
The non-conductance of antimony trichloride in benzene and
hexane solutions contrasts with its measurable conductance in several
78 79 80other more polar solvents, such as ether' , chloroform'"' and aniline ,
in which there is evidence for ionic complexes.
iv. Solubilities of antimony trichloride in hexane 
and trimethylchlorosilane.
Saturated solutions of antimony trichloride in hexane at 
40° and 20° were approximately 0.08 molar and 0.05 molar respectively. 
The compound forms a saturated solution in trimethylchlorosilane at 
eleven moles per cent, at 20° .
(g) Other Exchange Systems
In preliminary experiments isotopic exchange was observed 
under anhydrous conditions in the following systems:
HC1, AlCl^, SbCl-, with Me.SiCl
MgBr2, AlBr^, SbBr^ with Me^SiBr
j
The magnesium bromide exchange was conducted in ether, and the others 
in benzene; hydrogen chloride was also observed to exchange in the 
absence of solvent. The compounds 7/ere mainly separated by dis­
tillation, but magnesium bromide was separated from trimethylbromo- 
silane in ether solution by precipitation with dioxane 
(h) Analyses and Radio-assay 
i. Volumetric ware.
Pipettes were treated with a silicone water repellant to 
give complete drainage. This is particularly useful vdiere solutions 
are manipulated by syringe, and in any case gives more precise and
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convenient delivery than ordinary wet drainage. The pipettes were 
recalibrated using distilled water. Micro-pipettes delivering 0,1 
to 0,5 nil could be used with a variation of less than 0,0005 ml 
between successive deliveries, and 1 to 5 nil pipettes with less than 
0,001 ml. Ten, 12 and 20 ml pipettes gave successive deliveries 
within 0.005 ml. The liquid level of 10 ml and 25 ml burettes was 
read, with a magnifying eye-piece to + 0.01 ml,
ii. Preparation of samples for analysis 
and counting.
a. Manipulation procedure.
Samples were either condensed under vacuum onto frozen
hydrolysis solution, or run into a separating funnel and shaken with
hydrolysis solution. The separated aqueous phase was run into a, dry
centrifuge tube and any fine suspension of solvent collected as a
surface film by centrifuging. Ten ml of the solution was pipetted
into the well of the liquid counter (5*h.v.) for measurement of
activity, and then recombined with the solution remaining. Small
losses from the 15 ml of hydrolysis solution during extraction,
separation and transfer still allowed appropriate volumes to be pipetted
independently for the counting and analysis. The mutual solubilities
44of benzene and water'‘ are such that the volume change of 12 ml of 
water shaken with 4 ml of benzene is less than 0.05%. 
b. Hydrolysis solutions.
Dilute solutions of antimony trichloride in benzene 
can be extracted with a dilute aqueous solution of bicarbonate and 
tartrate in the molar ratios 5 to 1 . With more concentrated solutions
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however an undue amount of carbon dioxide was liberated and a 
precipitate not readily soluble in the aqueous solution was formed. 
However such a precipitate or the pure solid was found to dissolve 
directly in 10 N sulphuric acid, and a 3 nil titre of this was used, 
followed by dilution with 10 ml of tartaric acid solution containing 
at 3.east sufficient tartrate to be molecularly equivalent to the total 
amount of antimony. Concentrated tartaric acid solution will also 
dissolve antimony trichloride directly, or extract it from organic 
solvents without precipitation.
Extraction of the same solution of antimony trichloride in benzene 
with bicarbonate-tarträte or sulphuric acid followed by antimony de­
termination with iodine or bromate solution respectively, gave results 
agreeing within 0,2?o , In both methods one extraction was found 
completely to remove all antimony and chloride from the nonaqueous 
phase. Addition of moderate amounts of tartrate to sulphuric acid 
solutions had no apparent effect on the concentration at which initial 
precipitation occurred (8N HoS0^) as more dilute acid was used.
To obtain the same counting efficiencies, the same hydrolysis 
solution was always used for samples of trimethylchlorosilane as for 
antimony trichloride when their specific activities were to be compared. 
Complete hydrolysis was readily obtained with 10 N sulphuric acid 
solution, as with water or dilute bicarbonate solution, 
ii. Chloride determinations
All chloride determinations were based on the precipitation 
of silver chloride. In initial experiments the Volhard method was 
used, and in later ones where higher accuracy for smaller samples was
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required, a differential potentiometric method was adopted.
The thiocyanate - ferric ion end point reaction, unlike the 
silver nitrate - chromate end point, is unaffected by the presence 
of antimony ions, and can be carried out in acid solution, as must 
be the potentiometrie titration* When acid hydrolysis solutions 
were used this is an advantage, and in any case the ferric indicator 
is the more sensitive. When the Volhard method was used, the silver 
chloride was precipitated in a centrifuge tube, and after centrifuging, 
a titre of the supernatant was pipetted for titration with thiocyanate. 
The solution was filtered before the pale orange colour was matched 
against an end point blank. Duplicate determinations on 0.2 m*e. 
samples could be made to within 0.2£o , For samples less than 0,05 m,e,
the agreement was not usually greater than 1^ o .
In such cases, greater precision could be obtained with the 
potentiometric method, which has the advantages of greater sensitivity, 
and of being a direct titration. The method was eventually adopted 
for all chloride titrations, and in particular, for the experiments in 
hexane solution. The electrode assembly consisted of a 0,5 mm 
capillary fitted with a side arm connecting to a syringe for drawing 
in and expelling solution, A thin silver-chloride electrode was 
mounted inside, and a lightly plated 20 s.w.g. one wound round the 
outside. Before titration, the solution, if not already acid, was 
made one or two normal with sulphuric or nitric acid. Towards the 
end point the silver nitrate was added in 0.10 ml increments, with 
flushing of the capillary between additions. A nearly symmetric peak 
ox voltage increment versus volume added was obtained, the end point
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being tacken as the vertical bisector of the peak less half the
volume increment. A potential change of 30 mv/ 0,1 ml was obtained
at the end point for 0,01 N silver nitrate added to 30 ml of
titrant solution (figure 6), and a correspondingly greater change for
more concentrated silver nitrate solution. The volumes of silver
nitrate solution required for titration of samples containing 0,05 m,e.
could be duplicated within 0.5$ , and for 0,2 m.e. or larger
samples, within 0.1$
iii. Antimony determination
In the experiments in which antimony trichloride was
extracted into bicarbonate-tartrate solution, antimony was determined
by titration with dilute iodine solution, as for the micro-potentio-
82metric titration of arsenite • Two micro-equivalents of antimony 
could be determined with an accuracy of + 1$ , and 0,1 milli-
equivalent to + 0,1$ .
A conventional potentiometric titration arrangement was used, 
with a bright platinum electrode and a salt bridge, connecting to a 
mercury—mercurous chloride reference electrode, dipping into the 
stirred solution contained in a 50 ml beaker.
When acid hydrolysis solutions were used, antimony was titrated
83with potassium bromate solution , the end point being determined 
potentiometrically. (A titration curve is shown in figure 6). This 
method has the advantage that potassium bromate can be used as a 
primary standard, and its solutions are stable. Very precise results 
were obtained with this reagent, duplicate determinations of 0.05 nie. 
samples agreeing within 0.1$ , and of 2 micro-equivalent samples
w ith in  0»5% .
Tlie 5 ml b u r e t te  used fo r  m ic r o - t i t r a t io n s  was g radua ted  in  
0.01 ml d iv is io n s ,  and was c a l ib ra te d  by w eight o f w ater d e l iv e re d .
The t i p  was extended w ith  a le n g th  o f po ly thene  tu b in g  and an e x tra  
b u re t te  t i p  to  allow  c lea ran ce  from th e  s t i r r i n g  and e le c tro d e  
assem bly. Io d in e  so lu tio n  was made up 0.01 N and s tan d a rd iz e d  
a g a in s t sodium a r s e n i te  in  sodium b ic a rb o n a te  b u f f e r  s o lu t io n ,  and 
ap p ro p ria te  d i lu t io n s  made in to  2?'o ix)tassium  io d id e  s o lu t io n .  
Potassium  brom ate so lu tio n  was made up by w eig h t, and d i lu te d  as 
re q u ire d .
For t i t r a t i o n  w ith  io d in e , th e  sample was b u ffe re d  w ith  b i ­
carbonate , and th e  s o lu tio n  made one o r two p e rc e n t w ith  r e s p e c t  to  
potassium  io d id e . Near th e  equ ivalence  p o in t ,  io d in e  s o lu tio n  was 
added in  0.03 ml amounts, th e  p o te n t ia l  change a t  the  end p o in t 
oeing 120 mv/ 0.1 ml. f o r  0.0003 N io d in e  so lu tio n  added to  
20 ml o f t i t r a n t  s o lu tio n . For t i t r a t i o n  w ith  brom ate, th e  t i t r a n t  
so lu tio n  was made 1 .3  N to  2 N in  su lp h u ric  a c id  and 0.1 N to  0 .5  N 
in  potassium  brom ide. The v o lta g e  change a t  th e  end p o in t was 
approxim ately  th e  same as f o r  io d in e  t i t r a t i o n s ,  
v . Counting procedure
A ll ch lo rin e -3 6  a c t i v i t y  was counted in  s o lu t io n , u s in g  a 
cnin w alled  g la ss  G eiger tube f i t t i n g  through a ground jo in t  in to  a 
l iq u id  w e ll. The same ja c k e t in  th e  same o r ie n ta t io n  w ith  re s p e c t  
to  th e  tube was used th roughout a s e t  of experim en ts, the  sample con­
s i s t i n g  of 10 ml o f s o lu tio n  p ip e t te d  in to  th e  w e ll ,  so t h a t  c o n s tan t 
counting geometry was o b ta in e d . The count r a t e  was found in  f a c t  n o t
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to be sensitive to small variations in the liquid level in the well.
The efficiency of liquid counting is dependent on the liquid density, 
so all samples whose activities were to be compared were counted in 
an aqueous medium of constant composition. The dead times of the
tubes used were determined by observation of recovery time on a 
cathode ray oscilloscope, and a fixed, measured paralysis time approx­
imately twice the dead time, applied in the scaler circuit so that an
8Laccurate correction could be made
For single reaction sample experiments a standard source was 
counted before and after each pair of counted samples so that the sets 
of samples could be compared. The standard source consisted of 
sodiura-22 solution in a double walled sealed glass vessel into the 
thin walled inner well of which the Geiger tube fitted.
For continued sampling experiments, the accuracy of counting 
of later samples has to be higher than that of earlier ones to reduce 
the absolute error in the fraction of exchange. This is of course 
facilitated by the samples having higher activities. To reduce 
effects due to any variation in counter efficiency those samples re­
quiring highest accuracy were counted nearest to the complete exchange 
sample, which was used as the standard in any comparison with count 
rates from other experiments. When, for example, six samples were 
to be counted, the order would be 'l, 3> complete exchange
sample, 6, 4* 2 .
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A. CALCULATION OF RESULTS
(a.) F r a c t io n  o f  Exchange
i*  D e f in i t io n  o f  f r a c t i o n  o f exchange.
The f r a c t i o n  o f  i s o to p ic  exchange w hich has o c c u rre d  under 
g iven  c o n d it io n s  i s  c o n v e n ie n tly  d e f in e d ^ y a s
F = (So -  St  ) / ( So -  So N  ’ 0 0
where S i s  th e  s p e c i f i c  a c t i v i t y ,  in  co n v en ien t u n i t s ,  o f  one o f  th e  
r e a c t a n t s .  The s u b s c r ip ts  r e f e r  to  zero  t im e , tim e t  and i n f i n i t e  
tim e , i s  o f  co u rse  th e  r e s u l t a n t  s p e c i f i c  a c t i v i t y  on com plete
r e d i s t r i o u t i o n  o f  th e  a c t i v i t y  i n i t i a l l y  p r e s e n t  in  e i t h e r  one o f  th e  
r e a c t a n t s .  F o r conven ience and b e t t e r  a c c u ra c y , So i s  u s u a l ly  
zero  f o r  one o f  th e  r e a c t a n t s .
F o r t h i s  r e a c t a n t  th e re f o r e
V s< ( 12)
j.he d e f in i t i o n s  (11 ) and (12) amount to  s t a t i n g  th a t  th e  f r a c t i o n
o f i s o to p ic  exchange i s  th e  r a t i o  o f  th e  change in  s p e c i f i c  a c t i v i t y  
w hich has o ccu rred  to  t h a t  w hich can e v e n tu a l ly  o c c u r , 
i i *  Methods o f  c a lc u la t in g  F
a .  F o r s in g le  sam ple ex p erim en ts
j.he i n i t i a l  s p e c i f i c  a c t i v i t y  o f  th e  la b e l l e d  r e a c ta n t s  
was d e te rm in ed  (a s  an av e ra g e  o f s e v e ra l  v a lu e s  ) , and th e  con­
c e n t r a t io n s  o f  th e  r e a c t a n t s  in  th e  r e a c t io n  s o lu t io n  c a lc u la te d  from
the  c o n c e n tra t io n s  and volum es o f  th e  r e a c ta n t  s o lu t io n s .  S was
00
c a lc u la te d  from  th e  r e l a t i o n  f o r  com plete r e d i s t r i b u t i o n  o f  a c t i v i t y
S
00
so (A)(a; V (b; ( 1 0 )
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assuming all activity initially in reactant A. The value of Sa. 
for the reactants after separation was measured, and if necessary 
corrected for incomplete separation (2j..a.iii). The fraction of ex­
change was then calculated from (11) or (12).
h. Calculation of F in continued sampling experi­
ments.
The most accurate procedure was to base the determination of 
F on the reactant not initially labelled. A sample of reaction 
solution was totally hydrolysed, and its specific activity (S ) 
compared directly with that observed in the separated reactant, using 
(12). The fraction of exchange thus obtained is independent of any 
measurement of concentration and depends only on the ratio of the two 
specific activities.
To determine the fraction of excliange from the reactant initially 
labelled the initial and final, specific activities were determined, 
and (11) used.
iii. Specific activity correction for incomplete 
separation
The separated sample was hydrolysed and an aliquot counted 
(5*h.). The counted solution ?/as then analysed for total chloride ion 
r.na for antimony. The amounts of chloride due to hydrolysed tri- 
methyl chloro silane, reactant B, and to antimony trichloride, reactant A, 
were thus found. Let these be x and y . Then the specific 
activity of the Cl" sample counted is
Sobs = Sß + y SA'V(x + y) , (13)
wnere S^, S^, are the specific activities of the chloride in the two
-  5 0  -
reactants at the time of separation. Hence
3.B Sobs 0 4 )
This relation was mainly used to correct the triraethylchlorosilane 
specific activity, oT, , for that of antimony trichloride carried 
over during separation. The specific activity of the antimony 
trichloride residual in the reaction vessel could either be observed 
or calculated from a first approximate value of F based on tri­
methyl chlor o silane, and successive iterations used in (14) until the 
value of S_. became constant,
■D
measured for both reactants. Agreement between the values of F 
shows the activity and concentration values to be at least internally 
consistent and indicates that the half times of reaction observed are 
valid. In addition, in a number of cases, the final specific 
activity S was collared with that calculated from Sq by the use 
of relation (10), when Sq had been determined by independent measure­
ments. As remarked in the discussion on the preparation of antimony 
trichloride (3*b.iii), analysis for antimony based on potassium 
bromate as standard, and for chloride based on sodium chloride as 
standard, gave agreement with trie molecular formula within 0.1f£ .
iv. Mass and activity balance
In many of the experiments fractions of exchange were
v. Typical calculation
Experiment hexane solution (tables 12 and 13). 
a. Total analysis of the reaction solution
6.52 ml of hexane solution were extracted with
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13*08 ml o f aqueous s o lu t io n .  A liq u o ts  w ere co u n ted , and a n a ly se d  
f o r  c h lo r id e  and an tim ony . In  10 .06  ml th e  fo llo w in g  v a lu e s  w ere 
found  : T o ta l Cl , 3*348 m e.; Cl in  SbC l^, 0 .0738 m e.; Counts p e r
m in u te , 2124. Hence
, cpm/me. , = 2124/3*348 = 6 34 .4
and Sq , cpm/me. , = 2124/ 0 .0738 = 28780
In  th e  hexane r e a c t io n  s o lu t io n  :
g . a t o m / l i t r e  o f  Cl in  SbCl^ = (A) = 0.01473
g .a t o m / l i t r e  o f  Cl in  Me^SiCl = (b ) = 0 .658
F o r th e  same p r e p a r a t io n  o f  S b C l^  in d e p e n d e n tly  a n a ly se d  f o r  s p e c i f i c
(A) 640a c t i v i t y  S = 28990 cpm/me. , and hence
0 w
cpm /m e., compared w ith  th e  o b se rv ed  v a lu e  o f 634 cpm/me.
b . A n a ly s is  o f  s e p a ra te d  r e a c ta n ts  f o r  f r a c t i o n  o f  
exchange, sam ple number 4
The r e a c ta n ts  i n  a 4  ml sam ple o f  r e a c t io n  s o lu t io n  w ere 
s e p a ra te d  and each  h y d ro ly se d  w ith  13 ml o f  th e  same aqueous s o lu t io n  
a s  was u sed  to  h y d ro ly se  th e  t o t a l  a n a ly s i s  sam ple. F o r 10 .06  ml o f 
th e  aqueous s o lu t io n  th e  fo llo w in g  a n a ly s i s  was o b ta in e d  :
R e a c ta n t
f r a c t i o n
T o ta l Cl 
me.
C l" in  SbCl- 
me. J
Cpm Cpm/me.
Me^SiCl 2 .244 0.00578 1143 509*4
SbC l. 0 .0419 283 6750
Hence from  (11) th e  f r a c t i o n  o f  exchange c a lc u la te d from th e
a c t i v i t i e s  o f S bC l, i s
j
0 .7 8 4  • f o r  Me^SiCl , from  (12) and (14)
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F = (509.4- - l6.2)/634.4 = 0.778.
If the specific activity of the residual SbCl, had not been 
measured, the calculation proceeds by the assumption of a first 
apparent value of F of 509.4/634*4 , i.e. 0.802 . The specific
activity of the SbCl^ was then calculated using (11), and used in 
(13) to make a first correction to F :
F = (509.4 - 14.7)/634.4 = 0.780.
The next iteration gives (509*4 - l6.3)/634.4
= 0.778 .
The agreement between the F voJLues based on the observed antimony 
trichloride specific activities and the iteration procedure is shown 
for experiment 4 in table 12, and the values on which the calculations 
are based in table 1 3 *
(b) Exchange and Rate Constants^
The slope of the plot of log (l-F) versus time was 
used to find the half time of exchange for a particular set of re­
action conditions. The value of R was then calculated from the 
relation
R  '  '
For a bimolecular reaction 
E = k2 (A)(B)
V b
where n^ , , are the number of gram atoms of chlorine per molecule
of reactants A and B respectively. Hence for the half time ex­
pressed in seconds
0-6P3
%
(15)
(16)
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(17)k = 3 . 0.695
(a ) + 7 b 7 \
in the units litre .mole I*sec ^ , since n^ = 3? n^ = 1
(c) Activation Functions
Activation energies were calculated from the slope of plots 
of log kp versus 1/T ; inserting numerical values in the Arrhenius
equation gives
« ■ 08)
Activation entropy was calculated assuming the absolute reaction rate
85equation in the form
, kT s/a -e/rt
*2 - h ® e (19)
and using the relation
F = E - TS (20)
Inserting numerical values in (20), for T = 293°K ,
F = 1330 (log k2 - 12.78) Reals , (21)
where k^ is in litre.mole Isec ^ •
(d) Calculation of Errors
The limits of error shown in the exchange curves (Chapter 3) 
were calculated by compounding the individual errors as determined 
from replicate measurements of the various quantities, or by estimation 
in the case of statistical counting error. The correction to the 
triraethylchlorosilane specific activity for antimony trichloride 
carried over during separation was in general fairly small and accurate­
ly determined, and hence error in its determination did not produce 
much error in the value of F . The error which it does produce can
- 34 -
be calculated generally however, and often serves as a guide in 
estimating expected error in the design of an experiment*
Using the notation of Zj-.a.iii , and assuming all activity 
initially in the antimony trichloride , then from (14)
F = Sobs - (y/x)(sA “ S0frs) . (22)
S
Hence in addition to the direct error in F due to error in the
determination of S, , there will be an error dF for a givenobs 9
percentage error e in y/x of
dF = (A) + (B) . _e_ . (y/x)(SA ~ SobS) (23)
(I) 100 sA
o
This will be greatest for zero time, when , and can be
o
shown to be nearly proportional , at other times , to (l-F) , 
such that
dF = (A) + (B) . _e_ . y (l-F) , (24)
(Ä) 100 x
with the error decreasing as the specific activities of the two 
reactants become more nearly equal.
r *  L I B R A R Y  r j
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5. EXPERIMENTAL RESULTS
(a) Systems Studied and Experiments Performed
i. Exchange systems»
Isotopic halogen exchange was observed, between trimethyl- 
broraosilane and, severally, aluminium bromide, antimony tribromide 
and magnesium bromide, and between trimethylchlorosilane and, 
severally, aluminium chloride, antimony trichloride, and hydrogen 
chloride (3*g).
The system trimethylchlorosilane - antimony trichloride was 
chosen for detailed study, as discussed in the introduction.
ii. Trimethylchlorosilane with antimony trichloride.
Benzene was initially chosen as solvent, and exchange
experiments made using it. The first set of quantitative data 
(set table 6, figure 8) gave a linear exchange curve within the 
estimated experimental error ( + 5% on the value of P ). Further 
experiments at higher concentrations at both 40° and 25° gave complex 
exchange curves ( figures 7 and 8 ) with complex concentration de­
pendences, and after several sets had been performed with no particul­
ar clarification of the results, a change was made to hexane as solvent 
(see introduction). A number of experiments were however made in 
benzene solution to test whether the complexity of the results might 
have been due to extraneous effects. In particular the effect of 
hydrogen chloride, the most likely exchange impurity, was of interest 
because separate experiments had shown that this compound exchanged 
chlorine atoms with trimethylchlorosilane, and could possibly, therefore, 
accelerate the exchange between the latter and antimony trichloride.
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Table 1
Exchange reaction conditions in benzene solution
Temp.
°c
C oncentr ations
moles/litre
Me.SiCl SbCl,
3 3
Set Table Figure
25 0.018 0.0138 3 51 6 8
0.112 0.0218 4 7 8
0.112 0.269 5 7 8
0.0395 0.0955 6 8 8
40 0.0392 0.00367 4
0.1096 0.0214 2 5 7
* Me,SiCl solution stored under nitrogen (3.d.ii.a)3changed concentration as sampling proceeded (table 6).
** A large scatter of points about a smooth curve was 
observed in this set of experiments, possibly due to 
initial difficulties of technique and analysis, (6.a.ii).
Individual experiments were carried out in the dark (table 4), 
in the presence of ultra-violet light (table 4), in the presence of 
moisture, which would produce hydrogen chloride by hydrolysis of 
trimethylchlorosilane (tables 4 and 8), and in the presence of 
antimony pentachloride, a possible trace impurity in antimony tri­
chloride, The antimony pentachloride also contained traces of chlorine.
Light had no apparent effect on the exchange, and the other im­
purities, while producing measurable effects, do not markedly alter the 
exchange rate even when present in finite concentrations. It was 
similarly found in a study of the exchange of chlorine atoms between
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phosphorus tri- and pentachlorides°^ , that hydrogen chloride, while 
altering the exchange rate to some extent, does not have a marked 
effect on it.
Experiments were made in hexane solution over a range of temper­
atures, and over a range of concentrations such that that of each 
reactant was varied while that of the other was kept more or less 
constant (2.a ), this procedure being followed twice over the 
temperature range. The exchange curves obtained were all complex, 
but similar, and had initial slopes which gave bimolecular rate con­
stants ( table 16; 5*c.iii ).
An experiment was made with a few per cent of added benzene to 
test whether a complex between it and antimony trichloride might per­
sist in hexane solution and effect the exchange rate ( table 11 ).
No effect on the exchange rate or behaviour was in fact observed.
Equilibration, in hexane solution, of triraethylchlorosilane with 
a molar excess of antimony trichloride before addition of a small 
amount of SbCl^ gave a markedly greater initial slope than that 
calculated for direct mixing ( table 11; figure 9; 5*d.iii ), and a 
linear exchange curve to more than 9Qfa exchange, 
b. Subsidiary experiments.
In addition to the exchange experiments a number of other ex­
periments and observations were made with the two compounds, as dis­
cussed in 3*f*i>ii, and iii. Tests were made for chemical reaction 
between the exchange reactants, for any abnormality in the vapour 
pressure of a solution of antimony trichloride in trimethylohlorosilane, 
and the conductance of antimony trichloride measured in anhydrous
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benzene and hexane, in undried benzene, and in anhydrous benzene to 
which trimethylchlorosilane had been added.
(b) Observation on the Separation Method
i. General
Typically, at 40°, 5 ml of benzene were evaporated to dry­
ness in 60 seconds, and even for 12 ml of solution initially at 25°, 
all but a small fraction of a millilitre evaporated without solidi­
fication. Less than 0,j/o of the antimony trichloride contained in 
5 ml of one molar solution was carried over when the solution was 
evaporated to dryness, and usually 1/b to over a range of concen­
trations. When stirring was not good, as much as 5°/o of the antimony 
trichloride was carried over.
Relatively more antimony trichloride was carried over from hexane 
solution ( Table 2 ). In these separations the evaporation vessel 
was not in the thermostat bath, and the solution cooled rapidly as 
evaporation proceeded, with precipitation of solid antimony tri­
chloride. This rapid cooling had the advantage of quenching the 
reaction so that the subsequent time required to completely evaporate 
the solution to dryness becomes unimportant as a source of variation 
in the amount of zero time exchange. It was necessary to warm the 
vessel with a heating lamp to keep the temperature above 0°C and 
accomplish evaporation in a reasonably short time, usually four or 
five minutes for 5 ml of solution.
ii. Efficiency and reproducibility of separation.
The amounts of antimony trichloride carried over with the 
silane fraction during separation are shown in table 2. For given
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initial conditions, the variation in the percentage carried over is 
not large, and the plots shown in figure 12 show that the uncorrected 
fractions of exchange fall on a smooth curve below the corrected 
values. The amount of antimony trichloride carried over was found 
to be much the same whether evaporation was partial (8Qu) or complete. 
As would be expected, the time taken to evaporate a given volume of 
solution under given conditions was found to be sensibly constant* 
Perhaps surprisingly, the percentage of antimony trichloride carried 
over falls off markedly with increase in initial concentration*
Table 2
Efficiency of evaporation separation.
Temp. SbCl^ Average % Number of
uc Molarity and Volume carried over observations
In benzene *
40 0.04 M 3-5 ± 1.3 6
7.06 ml
40 0.03 M 1.2 + 0.8 8
4.7 ml (lowest 0.15)
25 0.03 M 2.5 ± 0.5 4
4*7 ml
25 0.27 M 0.27 + 0.06 4
In hexane **
40 0.005 M 15.8 + 1 .8 6
7 ml
50 0.005 M 14.9 + 2.1 4
6 ml
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Table 2 (continued)
Temp • 
°C Molarity and volume
SbCL,
j
Average % 
carried over observations
Number of
In hexane ** (continued)
20 0,005 M 
7 ml
15.2 + 1.7 6
20p 0.035 M
6 ml
5.0 + 0.8 6
** A  3 cm diameter No.3 sinter preceded by a 2.5 cm 
No.1 sinter at each temperature.
iii. Zero time exchange.
Experiments in benzene solution in which the reactants 
were separated shortly after mixing gave a measured zero time fraction 
of exchange of approximately 0.02, ( tables A, 5 and 6 ). In hexane 
solution back extrapolation of the exchange curves gave 0.01 to 0.02 
over the range of experiments, provided that correction was made for 
antimony trichloride carried over in the separated silane. Y/hen this 
correction was not made, zero time exchange was usually of the order of 
0.08 to 0.10, with the observed points falling on a smooth curve be­
low the corrected curve ( figure 12 ).
Predicted zero time (2.b.iii) exchange varied from 0.001 
( ti = 100 hours ) to 0.01 ( ti = 10 hours ) • However the2 9 2
observed zero time exchange of 0.01 to 0.02 was practically independ­
ent of the half time of reaction, and must therefore have been produced
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by th e  s e p a ra t io n . For s h o r te r  h a l f  tim e s , say one h o u r, th e  p re ­
d ic te d  v a lu e  v/ould be 0 .10  , and th e  p re d ic t io n  would be o f g re a te r  
u se .
iv .  R e la tiv e  v o l a t i l i t i e s  o f tr im e th y lc h lo ro s ila n e  
and benzene.
The r e l a t i v e  r a te s  o f ev ap o ra tio n  o f so lv en t and s o lu te  
can be p re d ic te d  from R a o u lte 's  lav/, ( 2 * b . i i ) ,  and th e  p re d ic t io n s  
7/e r e  checked approx im ately  a t  40° f o r  Me^SiCl -  benzene, by ev ap o ra tin g  
from th e  same i n i t i a l  amounts o f so lu tio n  f o r  v a ry in g  tim es and d e te r ­
m ining th e  amounts o f so lu te  and so lv en t c a r r ie d  o v e r.
Table 5
R e la tiv e  v o l a t i l i t i e s  f o r  Me^SiCl -  benzene a t  403
Time
se c s .
v /v 0 ‘A, r obs p re d ic te d .
0 1 1
45 0.71 0.35 3 .0  2 .2  (40°)
60 0.55 0.21 2 .7
85 0 0
V i s  the  so lv en t volume, a th e  amount o f s o lu te  rem aining
th e  rem ain ing  s o lu t io n , and r  th e  r e l a t iv e  v o l a t i l i t y  ( 2 . b . i i ) .  The 
i n i t i a l  volume o f benzene so lu tio n  was 7 m l, 0 .04  m olar in  tr im e th y l-  
c h lo ro s i la n e .  I t  can be seen th a t  th e  enrichm ent o f the  sep a ra te d
f r a c t io n  w ith  re s p e c t to  s i la n e  i s  somewhat g re a te r  than  th a t  p re d ic te d  
from R a o u l te 's  law , and th e re fo re  s t i l l  g re a te r  than  th a t  p re d ic te d  by 
in c lu s io n  o f  the  m o lecu lar w eight term ( 2 . b . i i ) .
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(c )  Exchange R ate  D ata
i .  Exchange in  benzene s o lu t io n .
T able 4
Exchange in  benzene s o lu t io n  a t  4 0 ° . S e t 1 . 
Benzene s o lu t io n  volum e: 7-06 ml
M o la r i t ie s :  Me^SiCl 0 .0392
SbCl| 6 0 .00367
E xperim ent
Number
Time
Hours
F ra c t io n
SbC l.
o f  Exchange 
Me^SiCl
13 0 .0 0 2 0 .03  + 0 .015
8 1 .47 0 .3 9 0 .4 4
14 2 .43  * 0 .5 2 0 .4 6
9 2 .3 0 0 .3 8 0 .4 7
12 2 .35 O.7 6 0 .75
10 8 .3 0 .7 5 0 .73
11 13 .7 0 .7 4 0 .7 2
* 140  m in s . , Me^SiCl = 0 .0420
5
M
SbCl^ = 0.00331 M
The e x p e rim e n ta l s c a t t e r  i n  t h i s  s e t  i s  h ig h e r  th a n  was u s u a l ly  
observ ed  su b se q u e n tly , p o s s ib ly  due to  i n i t i a l  d i f f i c u l t i e s  o f  
te c h n iq u e , and o f  a n a ly s i s .
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Table 5
Exchange in  benzene so lu tio n  a t  4 0 ,0 °  } s e t  2, (F igure  7)* 
Benzene s o lu tio n  volume: 4*79 ml
M o la r i t ie s :  Me^SiCl 0*1096 + O.ffi
SbCl^° 0.0643 +
Experim ent
Number
Time
Hours
F ra c tio n  of 
SbCl^
Exchange
Me..SiCl
3
21 0.05 . 0.01 + 0.02 0.02  + 0.01
18 2.05 * 0.49 0.45
22 2.12 ** 0.40 0 .37
13 3.25 0.59 0.58
17 5.25 *** 0.65 0 .64
16 7 .2 0 .74 0.73
20 12.0 - 0 .82
19 17.0 0 .8 4 0.82
23 40 .6 — 0.95
I r r a d i a te d  w ith  110 w a tt Hg-Quartz U.V. lamp.
In  the  p resence  o f w ater vapour from 50 ml o f la b o ra to ry  a i r .  
In  the  absence of l i g h t .
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Table_6
Exchange in benzene solution at 25.3°> Set 3* (Figure 8).
Benzene solution volume: 4.38 nil
7? g
Molarities: Me^SiCr initially:
finally:
0.0193 + 
0.0160
SbCl^ 0.0158 + 0.2$
Experiment
Number
Time
Hours
Fraction of Exchange * 
SbCl^
1 0.05 0.024 + 0.015
2 0.33 0.35
3 1.00 0.52
6 1.30 0.61
4 2.10 0.80
3 3.00 0.91
* Calculated allowing for variation in with drift in
Me^SiCl concentration.
Me^SiCl solution was stored and manipulated under nitrogen, 
and changed concentration as a number of samples were withdrawn. 
This set of experiments were the first quantitative ones performed.
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Table 7
Exchange in  benzene so lu tio n  a t  25.0°C , S e ts  4  and 5> 
(F igure  8 ) .
Benzene so lu tio n  volume: 4*70 ml
Experim ent Time F ra c tio n  of Exchange
Number Hours SbCl,5
Me^SiCl
5
S e t 4 . M o la r it ie s : Me.SiCl 5 -2(1
SbCl i  5
0.112
0.0218
+ 0 . &  
± 1^
27 5 .2 0.37 0.36
24 12.7 0.57 0 .54
28 15.0 0.72 0.69
26 20.0 0.92 0.88
25 26.8 0.93 0.93
S e t 5* M o la r it ie s : Me^SiCl
SbCl^6
0.112
0.269
+ 0
±  0 . %
53 6 .0 0.25
30 10.1 0 .54
32 15.5 0.68
31 20.3 0.96
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Table 8
Exchange in benzene solution at 25.0°, Set 6, (Figure 8).
As in Set 5> 2.09 ml of SbCl^ solution were delivered into 
the lower reaction compartment and outgassed; an additional 8.6 ml 
of benzene were then condensed under vacuum onto the sample. Tri- 
methylchlorosilane solution (2.65 ml) was condensed as usual in the 
upper compartment, to give on mixing, 13*3 ml of reaction solution.
Molarities: Me7SiCl 0.03955
SbCl^6 0.0953
Experiment
Number
Time
Hours
Fraction of Exchange 
Me^SiCl
34 8.75 0.13
35 45.0 0.98 *
(* Calculated from experiment 34 : F = 0.35)
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Table 9
Exchange in benzene solution, with added impurities at 25.0°.
These experiments were performed with slightly hydrolysed 
antimony trichloride solution originally used for the experiments in 
sets 5 and 6, the amounts of solution and trimethylchlorosilane being 
also the same as in those sets.
Experiment 36. Sufficient water vapour to hydrolyse 5% of 
the trimethylchlorosilane was condensed in the upper compartment of 
the reaction vessel. (Compare experiment 17, set 2.)
Experiment 37* Concentrations and conditions as in set 5, 
no impurity added.
Experiment 38« Approximately 0.002 milli-moles of antimony 
pentachloride containing traces of chlorine were condensed with the 
antimony trichloride sample.
Experiment
Number
Time
Hours
Fraction
Observed
of Exchange 
Expected 
from Set 3
36 12.7 LTV
CO.O 0.6
37 13.0 0.8 0.6
38 7.0 0.6 0.4
ii. Exchange Hate Data for Hexane Solution Experiments
Table 10
Exchange in hexane solution at 40° (Figure 9)»
Experiment 1 2
Molarities: MeJSiCl
SbCl^65
0.55
0.057
0.406
0.00522
Time F Time F
Hours Me-jSiCl5 Hours Me-,SiCl5
0.60 0.032 4.2 0.170
1.05 0.061 8.0 0.389
1.75 0.086 11.7 0.447
2.51 0.145 15.1 0.557
3.85 0.185 20.0 0.740
6.11 0.322 27.2 0.895
ti_ : 11.5
k2.105 , litre
13.5
.moles 1 -1sec
9.7 10.2
-  69 -
Table 11
Exchange in hexane solution at 40° (Figure 9).
Experiment 5 9 10 * *♦
M : Me^SiCl 0.0193 * 0.737 0.0364
SbCl^ 0.0535 0.0357 * 0.0747 *
Time F
hrs. SbCl-,3
Time
hrs.
F
Me,SiCl3
Time
hrs.
F
Me^SiCl5
17.3 0.254 3.4 0.288 3.0 0.578
28.6 0.381 8.0 0.622 7.25 0.803
48.5 0.704 10.5 0.756 12.5 0.935
66.3 0.906
78.1 0.93
17.0 0.92 24.0 0.985
tj_ : 41
V 1o5>
8.0
-1 -1litre.moles .sec
3.5
L I B R A R Y  £
7.5 8.7 63
* Initially labelled with chlorine-36.
** Uncorrected for SbCl7 in Me.,SiCl fraction.3 3
Experiment 5. Mass balance: S 30,030 cpm/me. ; calc, and
obs. : 3293 and. 3233 cpm/me. respectively.
Experiment The solution contained two moles per cent of benzene,
a two fold excess over that required for formation of 2SbCl^.C^H^ ,
and was equilibrated at 40° for 17 hours before mixing with Me^SiCl.
Experiment 10. Me^SiCl and a molar excess of SbCl^ in 50 ml of hexane — ---------- 3 0 3
were equilibrated at 40 for 36 hours, before mixing with 4 ml of 
hexane containing SbCl^ at the same concentration and having a 
sufficiently high specific activity that although only M#o of the total 
activity was eventually transferred to the silane fraction the count 
rates observed were from 1000 cpm to 2000 cpm.
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Table 12
Exchange in hexane at 30°, experiment 4 (Figures 10 and 12).
Molarities;: Me^SiCl , 0.644 ; SbCl^6 , 3 0.00484 .
Sample
No.
Time
hrs.
Fraction of
SbCl^
Corrected
Exchange
Me-,SiCl3
Iterated Uncorrected
1 13.23 0.236 0.194 0.186 0.323
2 23.0 0.350 0.387 0.387 0.491
3 41.0 0.382 0.383 0.584 0.646
4 62.1 0.784 0.778 0.778 0.802
% : 28 hrs k2.105 , -1 ~1litre.moles .sec. , : 3.2
Calculations for sample 4 are discussed in 4.a.v
T able 13
V alues o b ta in e d  in  e x p e rim e n t 4»
The o b s e rv a tio n s  r e f e r  to  10 ,06  ml o f  h y d r o ly s is  s o lu t io n ,  and 
amounts a re  in  m i l l i - e q u iv a l e n t s .
M e.SiCl
3
f r a c t i o n SbCl^ f r a c t io n
No. cpm C l” SbCl^ Cpm SbC l,
5
1 1062 5 .187 0 .0 1 9 2 1862 0.0822
2 1339 4 .3 6 4 0 .0 1 6 3 1414 0.0792
3 1009 2 .460 0 .0 0 8 1 g 561 0.0451
4 1143 2 .244 0 .0 0 5 7 0 283 0.0419
T o ta l a s s a y . Mlass b a la n c e .
cpm Cl” SbCl S0 S00
Obs. C&ILc«
2124 3 .349 0.0738 28990 640 6 34
The v a lu e s  re c o rd e d  in  t a b le  13 a re  t y p i c a l  o f  th o se  o b ta in e d  
th ro u g h o u t th e  ex p erim en ts  w ith  hexane so lu -.tio n s .
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Table 14
Exchange in hexane solution at 30° (Figure 10).
Experiment 6 7
Molarities: Me.,SiCl3 0.0141 0.0238
SbClz5 0.0542 0.0495
Time F Time F
hrs. SbCl73 hrs. SbCl-,5
13.0 0.054 38.3 0.248
48.0 0.267 62.3 0.526
93.0 0.756
117.5 0.843
162 0.951
200 0.987
t- : 120 hrs., k^.10^ , litre •moles Isec ^ , 2.8
Experiment 6 was curtailed because of mechanical failure of 
the greaseless stopcock on the reaction vessel, and in experiment 7 
the exchange curve appeared to curve downward somewhat earlier than 
usual. However, the sums of the gram-atom concentrations ?/ere al­
most the same, 0.1765 an.cL 0.1707 respectively, and the initial 
slopes of the two exchange curves were the same within an experi­
mental error of approximately + .
Mass balance for experiments 6 and 7* Table 14.
Expt. S S
r O 00
Calc. Obs.
2353 2356
4105 4120
6
7
29490
29430
Table 15
Exchange in hexane solution at 20° (Figures 11 and 12).
Experiment 3 8
M Me^SiCl
SbCl*?63
ti .2 •
0.621
0.00504
Time F
hrs. SbCl,3 Me,SiCl3
12.5 0.134
33.0 0.341
58.5 0.477 0.470
69.0 0.518 0.485
88.3 0.631
131.0 0.892
62
k2.105 ,
1.5
litre.mo
0.376
0.0354
Time F F
hrs. SbCl^ Me.SiCl
14.8 0.094
37.9 0.202
62.3 0.313
92.1 0.470' 0.442
134.3 0.617
163.3 0.720 0.704
■1 -1 . sec
1.0
Experiment 3.
S , calc oo 3
Mass balance SbCT36
and obs. 687 and 680
: Sq = 28,850 cpnv^ me.,
cpm/me. respectively.
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i i i .  M o lecu la rity  of R eac tion  in  Hexane S o lu tio n .
Although th e  exchange curves ob ta ined  in  hexane so lu tio n  
a l l  showed downward c u rv a tu re , i f  i n i t i a l  s lo p es  a re  taken  the  r e ­
a c tio n  obeys a second o rder r a t e  law w ith  reaso n ab le  accuracy over 
th e  range o f tem peratu res and c o n ce n tra tio n s  employed.
Table 16
Exchange in  hexane so lu tio n
Temp.
° c
Expt.
No.
C o n ce n tra tio n s , 
m o le s / l i t r e  
Me^SiCl SbCl^
%
hours
kg.lO5
-1 -11 .mol .s e c  .
40° 1 0.35 0.057 11.5 9 .7
2 0 .406 0.00322 13.5 10 .2
5 0 .0198 0.0335 41 7.5
c ** 0.737 0.0357 8 .0 8 .7
0.0364 0.0747 3 .5 63
oo
4 0.644 0.00484 28 3 .2
6 , 7 0.0141 0.0542
0 .0238 0.0495 120 2 .8
ooC\J 3 0.621 0.00504 62 1.5
8 0 .376 0.0354 118 1 .2
H alf tim es a re based on th e i n i t i a l  s lopes of the cu rves.
In  th e  presence of benzene ( ta b le  10 ) .
* * * P r e - e q u i l ib ra t io n  of in a c t iv e  SbCl., w ith  
a d d itio n  o f SbCl^ ( ta b le  11 ) .
Me^SiCl
5
befo re
A p lo t  o f lo g  k v ersus 1/T ( f ig u re  13 ) i s  l in e a r  and g iv es  an 
a c t iv a t io n  energy f o r  th e  r e a c t io n  o f 18.6  + 1.1 K cals. The
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a c t iv a t io n  f r e e  energy c a lc u la te d  f o r  20°C i s  23.8  K cals , and th e  
a c t iv a t io n  en tro p y  1 8 + 4  c a ls /d e g re e . The r a te  law f o r  the 
i n i t i a l  r e a c t io n  i s
R — 2 .2  x  10° e " 18>6° ° / RT (M e^SiCl)(SbCl^) .
(d) O bservations on the  Exchange Hate D ata 
i .  V a l id i ty  of exchange r a te  d a ta
A lthough the  exchange curves o b ta ined  w ith  bo th  benzene 
and hexane as  so lv en ts  a re  complex, th e re  a re  a number o f c o n s is te n c ie s  
in  the d a ta  which makes i t  most u n lik e ly  th a t  the  r e s u l t s  a re  due to  
a r t i f a c t s  and n o t to  the  in h e re n t behav iour o f th e  system s. In  s e t  2 , 
ta b le  4  ( f ig u re  7) the  d i f f e r e n t  experim ents were perform ed in  random 
o rd e r , b u t s t i l l  f a l l  on a smooth cu rve , w ith  agreement between th e  
f r a c t io n s  o f exchange determ ined from each o f th e  sep a ra ted  r e a c ta n ts .  
S im ila r ly  fo r  th e  o th e r r e s u l t s  in  benzene s o lu t io n ,  although  the  
experim en tal s c a t t e r  i s  somewhat h ig h e r in  th e  o th e r  s e t s .  The ex­
change curves e x tra p o la te  back through zero ( or c lo se  to  i t  ) and 
experim ents in  which se p a ra tio n  was a lm ost immediate show alm ost zero 
exchange.
In  the  hexane so lu tio n  experim ents th e  o rd e r in  which p o in ts  on 
th e  exchange curves were ob ta in ed  was n e c e s s a r i ly  tem poral, b u t th e  
experim en tal p o in ts  give a good f i t  to  smooth curves p ass in g  th rough 
th e  lo g ( l -F )  a x is  n ear to  th e  o r ig in ,  and w ith  good agreem ent between 
the  f r a c t io n s  o f exchange determ ined from th e  two re a c ta n ts  ( ta b le s  12, 
14 and 13 ; f ig u r e s  11 and 12 ) .  In  a d d i t io n ,  o f co u rse , the  
i n i t i a l  s lopes o f th e  curves g ive c o n s is te n t  second o rd e r r a t e  con­
s ta n t s ,  which f i t  a  l in e a r  A rrhen ius p lo t  ( f ig u r e  13 )•
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The relatively small effects of added impurities (moisture, 
and therefore hydrogen chloride, and antimony pentachloride), show 
that traces of these impurities would not affect the exchange rates, 
and the tests for chemical reaction in the exchange system (3*f.i and 
ii) show that the exchange data is not complex for that reason, 
although the formation of an addition complex between the reactants 
or between benzene and antimony trichloride is not precluded, 
ii. Behaviour of the Me^SiCl - SbCl-. system in benzene
solution.
The first set of data (set 3? table 6) was obtained using 
lower concentrations than in the other sets, and a less refined 
technique (3.d.ii*a ; 3»e.i), though one which ought to have been
reasonably adequate. The exchange curve was apparently linear 
(figure 8). At 40° the exchange curves obtained with higher con­
centrations were eoncave upward to the extent that the rate towards 
tiie end of reaction was of the order of ten times slower than 
initially. At 23° however, the curves were concave downwards, 
with a rather large scatter of points about a smooth curve. This 
scatter was several times greater than that calculated according to 
the discussion in 4*d , and than that observed in the hexane
solution studies. In set the experiments were made with an 
antimony trichloride concentration more than ten times that used in 
the experiments in set 4, the silane concentration being the same in 
each set. The two exchange curves are, however, practically coin­
cident, and because of the scatter of points are shown so in figure 8.
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The experim ents in  s e ts  2 and 4  were perform ed w ith  the  same 
r e a c ta n t  s o lu t io n s ,  and hence may he compared to  o b ta in  an a c t iv a t io n  
energy f o r  th e  exchange p ro c e ss , as any c o n ce n tra tio n  dependence 
terms w i l l  cance l in  th e  comparison o f  r a te s  provided  th e  i n i t i a l  
s lo p es  o f th e  exchange curves can be assumed to  r e f e r  to  the  same 
exchange p ro c e ss .
Table 17
Exchange in  benzene so lu tio n  (F ig u res  7 and 8 ) .
S e t Temp.
°c
C oncen tra tion
m o le s / l i t r e
Me^SiCl SbC'l-,
3 3
t i
2
ho u rs .
"kg” .10^
—1 —'1 .moles .sec
2 40 0*110 0.0214 2 .0 165
4 25 0.112 0.0218 14.5 23
5 25 0.112 0 .2  69 14.5 4 .3
6 25 0.0395 0.0953 47 .3 3 .8
3 25 0.018 0.0158 1 .0 890
The ap p aren t a c t iv a t io n  energy  from s e ts  2 and 4  i s  25 Kcals .
For th e se  experim ents th e  exchange r a te s  a re  approx im ate ly  f i f t e e n  
tim es g re a te r  than f o r  th e  co rrespond ing  c o n ce n tra tio n s  in  hexane, b u t 
in  s e t  5 , as noted  above, a  te n  fo ld  in c re a se  o f antimony t r i c h lo r id e  
c o n ce n tra tio n  over th a t  used in  s e t  4  does n o t a l t e r  the  i n i t i a l  
exchange r a t e .  However, d i r e c t  d i lu t io n  o f th e  r e a c t io n  so lu tio n  fo r  
tne experim ents in  s e t  6 ( ta b le  8 ) ,  so th a t  b o th  r e a c ta n t  concen­
t r a t io n s  a re  a l te r e d  in  the  same r a t i o ,  a l t e r s  th e  i n i t i a l  r a t e  o f ex -
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change as would have been predicted for a bimolecular reaction.
The fact that smooth curves with good fit of individual points 
were obtained under similar conditions in hexane solution, and that in 
it the initial rates were bimolecular, and all rates increased with 
increased time of contact of the reactants, indicates that the 
behaviour of the exchange system is anomolous in benzene, presumably 
because of the interaction of one or both of the reactants with this 
solvent.
iii. Pre-equilibration experiment in hexane solution.
The data for this experiment are presented in table 11, 
and the exchange curve in figure 9* Addition of a small, labelled 
amount of the compound already in excess allows the observation of the 
exchange behaviour of the excess with any complex ( assumed 1:1 for 
the design of this experiment ) formed between the two reactants.
The inactive compounds were equilibrated in hexane solution at the 
reaction temperature (40° ) for two half times based on the calculated 
initial slope for the concentrations used, and were previously in 
contact for one half time. If one of the reactants had been initially 
labelled this would have been sufficient time for the exchange to have 
gone more than SCP/o to completion. The exchange rate was much faster 
(7 times) than that calculated for immediate mixing, and the uncorrect­
ed exchange curve appeared linear to more than 9Qto of exchange. The 
zero time intercept is uncertain in the absence of corrections, but 
can be calculated (2,a.iv) from the expected amount of antimony 
trichloride carried over in the silane fraction to be of the order of 
= 0.2 , which is the intercept for the linear plot. Possibly for
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longer equilibration times the rate would be faster, but the apparent 
linearity of the plot and the fact that its slope is near that of 
tiie maximum final slopes of the other plots indicates that the rate 
observed is near to the maximum which could be attained on longer 
equilibration.
iv. Addition of benzene to exchange system in hexane 
solution.
This experiment (9, table 11) was conducted at 40°. The 
hexane solution of antimony trichloride contained two moles per cent 
of benzene, a two fold excess over that required for formation of 
2SbGl^.C^H^ , and was equilibrated at 40° for 1 7  hours before mixing 
with trimethylchlorosilane. The calculated half time of exchange
in the absence of benzene was nine hours, and that observed (based on 
the initial slope of the exchange curve) was eight hours. The 
exchange curve was of the same form as the others at the sarnie temper­
ature, and so the presence of benzene, at least for the equilibration 
time used, did not affect the exchange behaviour of the system.
( The rate constant from experiment 9 is, in the units of table 16 ,
= 8.7 ; for the other experiments at 40° listed in that table, 
the values were 9*7, 10.2 and 7.5 ).
(e) Experimental Errors
As stated in 4*d errors in the observed values of F 
were estimated by compounding the observed errors in the individual 
measurements, determined by replication. The error in F due to 
error in the correction to the specific activity of the separated 
silane fraction (4.a.iii) was estimated in this way, or by the use
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o f eq u a tio n  (2 4 ) .
For ty p ic a l  experim ents in  hexane s o lu t io n ,  (A) = 0*15 and
(b ) = 0 ,5 0  , w h ile  15/^ o f th e  antim ony t r i c h lo r id e  was c a r r ie d  over 
w ith  th e  evapo ra ted  s i la n e .  From (24) th e  e r r o r  in  F = 0*500 
due to  an e r r o r  o f + 2j/o in  th e  value  o f y /x  in  th a t  eq u a tio n , 
would be expected  to  be + 0.0005 , o r + 0 . 1  % .
In  g e n e ra l , count r a t e s  were 2000 cpm to  4000 cpm , and could  
hence r e a d i ly  be measured w ith  an expected  s t a t i s t i c a l  e r r o r  o f 
+ O.T/o to  + 0.3£b . S in ce , a t  l e a s t  in  th e  hexane s o lu tio n  e x p e r i­
m ents, most c h lo r id e  and antim ony t i t r a t i o n s  ( excep t in  th e  m icro­
e q u iv a len t range ) were perform ed w ith  an agreem ent between d u p lic a te s  
of 0* X/o , th e  expected  e r r o r  in  a va lue  o f F c a lc u la te d  from the  
r a t i o  o f two s p e c if ic  a c t i v i t i e s ,  a llow ing  f o r  th e  + 0 .1 /ü e r ro r  
c a lc u la te d  above, would be app rox im ate ly  + 1 .5 ^  • This i s  ty p ic a l  
o f the  l im i t s  o f e r ro r  shown in  th e  exchange cu rv es. In  th e s e , th e  
d iam eter o f th e  c i r c l e s  lo c a t in g  th e  experim en tal p o in ts  g ives the  
l im i t  o f  e r r o r  f o r  F = 0*50 •
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6. DISCUSSION
(a) Experimental Results
i. Reaction in hexane solution.
The data shows that the reactants antimony trichloride 
and trimethylchlorosilane exchange chlorine atoms, at least initially, 
by a comparatively slow bimolecular process, and that on continued 
contact a species is produced which allows a more rapid exchange.
That this species is not the product of an irreversible chemical 
reaction is shown by the experiments described in 3*f> in which the 
reactants were recovered or shown to form a solution with normal 
vapour pressure, and that the progressively increased rate of the 
reaction is unlikely to be due to the catalytic effect of traces of 
impurities was shown in the experiments in which finite amounts of 
impurities were added without producing a marked alteration in the 
exchange rates. The validity of the exchange data is discussed in 
5*e, and the observed behaviour is almost certainly due to the 
characteristics of the system and not to artifacts. While it is 
perhaps difficult to envisage a reversibly formed addition compound 
between the two reactants of sufficient stability to produce a 
finite difference in the exchange behaviour and yet able to be dis­
sociated by the evaporation of the reaction solution, formation of 
such a compound seems the only likely explanation of the observed 
data.
Addition compounds of volatile substances do often have finite
or even high vapour pressure; for example the crystalline addition
52 25compounds of antimony trichloride with benzene and dioxane and
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the addition compounds of silicon tetrahalides and halogenosilanes 
with trimethylamine^. (SiHF^.NMe^ has = 24 nun at 0°).
It is of considerable interest that a comparatively stable compound 
PhSiCl-.SbClv lias been isolated^, (m.p. -30°), and that in it, 
addition almost certainly occurs between the -SiCl^ group and 
antimony trichloride, rather than between the latter and the benzene 
nucleus, which is strongly de-activated by the -SiCl^ group.
The fact that in the present system pre-equilibration of the 
reactants gave an exchange curve (figure 9 ) apparently linear, 
and an exchange rate as higher or higher than that observed from the 
limiting slopes of the fastest exchanges observed in direct mixing 
experiments, confirms that contact of the reactants produces a 
relatively stable species allowing faster exchange than that occurr­
ing when they are first mixed.
The exchange behaviour of the present system is similar in some 
respects to that of the complex exchange of antimony atoms between 
Sb(V) and Sb(lll) chlorides in strong hydrochloric acid solution^, 
in which it was shown that the Sb(v) entity is SbCl^ , for which 
there is independent evidence, and its rate of formation is, under 
certain conditions, the governing factor in the exchange. (Antimony 
trichloride exists in hydrochloric acid solution largely as the ionic 
complex SbCl^ , although in the studies discussed, SbCl7 itself 
appears to be the Sb(lll) exchanging species). When labelled 3b(V) 
was added to equilibrated mixtures in 6M HC1, the half time of ex- 
ciiange was 49 hours; v/hen it was added directly in 12M HC1 (and 
therefore, from the known equilibrium constants, was present entirely
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a s  SbCl^ ) ,  th e  h a l f  tim e o f  exchange was 12 m in u te s .
.ifhile th e  p r e s e n t  v/ork e s ta b l i s h e s  t h a t  a  more r a p id  exchange 
p a th  e x i s t s  a f t e r  e q u i l i b r a t i o n  o f  th e  r e a c t a n t s ,  a  s e p a ra te  s tu d y  
would need to  b e  made to  d e te rm in e  i t s  c o n c e n tra t io n  dependence and 
m o le c u la r i ty .  S e ts  o f  ex p erim en ts  a t  v a r io u s  c o n c e n tra t io n s  would 
have to  be p e rfo rm ed , and checks made t h a t  e q u i l ib r a t io n  tim es  w ere 
s u f f i c i e n t .  The e f f e c t  o f  add in g  th e  l a b e l l i n g  is o to p e  in  th e  
r e a c t a n t  a lre a d y  in  e x c e s s ,  o r  v ic e  v e r s a ,  w ould have to  be d e t e r ­
m ined, and i t  i3  d i f f i c u l t  to  su rm ise  i n  th e  absence o f  such e x p e r i­
m ents w hat i s  th e  mechanism o f  th e  more r a p id  exchange. I t  i s  
p o s s ib le  th a t  in t r a m o le c u la r  rea rran g e m en t i n  an a d d i t io n  compound 
i s  more r a p id  th a n  d i r e c t  exchange betw een th e  f r e e  r e a c t a n t s ,  and i t  
m igh t be ex p ec ted  t h a t  th e  m ost fa v o u ra b le  exchange c o n f ig u ra t io n  i s  
s im i la r  to  t h a t  r e s u l t i n g  in  presum ed a d d i t io n  compound fo rm a tio n .
T hat t h i s  i s  n o t n e c e s s a r i ly  th e  case  i s  shown by  th e  o b s e rv a tio n  
t h a t  th e  t r a n s i t i o n  complex m ost p ro b a b ly  r e s p o n s ib le  f o r  th e  e f f e c t  
o f  antim ony t r i c h l o r i d e  on th e  h y d ro ly s is  o f antim ony p e n ta c h lo r id e
in  h y d ro c h lo r ic  a c id  s o lu t io n  i s  n o t th e  same as  t h a t  presum ed to  be
89in v o lv ed  in  antim ony atom exchange . W hatever form  th e  s p e c ie s  
r e s p o n s ib le  f o r  th e  f a s t e r  exchange t a k e s ,  exp erim en t 10 shows th a t  
i t  i s  such a s  to  a llo w  o f  an in c re a s e d  r a t e  o f  exchange betw een t r i -  
m e th y lc h lo ro s ila n e  e q u i l ib r a t e d  w ith  e x c e ss  antim ony t r i c h l o r i d e ,  and 
added S b C l^  . The m ost obv ious form  o f a d d i t io n  compound betw een 
t r im e th y lc h lo r o s i la n e  and an tim ony t r i c h l o r i d e  i s  one i n  w hich th e  
c h lo r in e  atom o f th e  s i l a n e  i s  c o -o rd in a te d  to  antim ony on th e  o p p o s ite  
s id e  to  th e  p y ra m id a lly  d isp o se d  c h lo r in e  atom s. Such a  s t r u c tu r e
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would presumably involve at least partial disposition of the 
antimony bonding orbitals to a tetrahedral configuration such as
must obtain in the SbCl^ ion. Supposing that intramolecular re­
arrangement in such an addition compound produces more rapid exchange 
than between the free reactants, it is conceivable that there is 
also a rapid chlorine exchange between the SbCl^ added and the
j
chlorine atoms of the bound antimony trichloride. A likely trans­
ition state structure in the SbClg - SbCl^ exchange (assuming these 
species) is shown to be ^
Cl
/ \ .
Cl Sb-Cl-SbCl
3 \ / 3 (i)
this exchange, as discussed above, being rapid. A similar, un­
charged, transition state involving Sb(lll) only, is equally feasible
-ir
in the present system for exchange of SbCl^ with the equilibrated 
reactants:
Cl
/
Me,SiCl: Sb-Cl:3bCl.. , (il)
j \  J
Cl
and would be consistent with the experimental observations. 
Configurations similar to (i) are suggested for antimony atom ex­
change between antimony tri- and pentachlorides in carbon tetra- 
45chloride .
No effect on the exchange behaviour was observed when benzene 
in two fold excess of that required for the formation of 2SbCl^.C^H^
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was equilibrated with antimony trichloride in hexane before addition
of an excess of trimethylchlorosilane ( experiment 9 )• It is
possible that a longer equilibration time might have led to compound
formation between antimony trichloride and the benzene, as freezing
point studies indicate that such a compound exists in carbon di- 
58sulphide solution . However ether added to antimony trichloride
in benzene gave no indication in the freezing point behaviour of
90the system of the existence of a compound between the first two , 
although electrolysis studies have shown that some form of ionic 
complex exists between antimony trichloride and ether in the latter 
as solvent^.
ii. Reaction in benzene solution.
As noted (5»d.ii), the results obtained in this solvent 
were complex, both in individual experiments and in the concentration 
dependences observed, whereas in hexane all exchange curves, although 
non-linear, were similar, and initial slopes gave a bimolecular rate 
dependence. This increased complexity compared with the hexane 
system can only be ascribed to the formation of relatively stable 
compounds between the solvent and one or both of the reactants, but 
presumably with antimony trichloride, as a large amount of evidence 
exists for its interaction or compound formation with a variety of 
solvents ( including benzene ) as discussed in the introduction and 
below. Little evidence exists for such compounds with trimethyl­
chlorosilane, which in many respects would be expected to behave like 
an alkyl halide in its solvent interactions. In a freezing point 
composition study of trimethylchlorosilane in ether no evidence was
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found for compound formation, though weak compound formation was
91indicated for dimethyldi chlor o silane' The ultraviolet spectra of
22,24
pyridine and p-toluidine in triethylfluorosilane and a variety of
12organosilicon compounds gives no evidence of compound formation,
although there are a number of addition compounds known between
silicon tetrahalides and halogenosilanes with bases, notably tri-
10 12 . methylamine 3 , and a compound exists between silicon tetrabroraide
92and dioxane
As stated in the introduction, antimony trichloride forms a
large number of crystalline addition compounds with aromatic compounds
some of which persist, as is shown by conductance studies, in the
80 93solvents at relatively high temperatures , or are unchanged on melting
Viscosity^ and infra-red^ data show 'that some kind of partially di-
socciated compound persists in liquid benzene; this is, of course,
most likely to be the compound stable in the crystalline form,
2SbCl-: . This compound has been shown by dissociation pressure 
56measurements to have an energy of formation of 12 Kcals, although the 
large positive entropy of formation associated with such a compound 
would reduce its free energy of formation in liquid benzene* It has 
been shown that the compound persists in carbon disulphide solution, and 
that under certain conditions of concentration, antimony trichloride 
can act as a Freidel-Crafts catalyst in aromatic solutions, including 
benzene, a role which demands that the antimony trichloride molecule 
be free and not bound up in an addition compound/ . Under most con­
ditions it is inactive, presumably due to at least partial persistence 
of the addition compound in liquid benzene* It is of interest that
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the structure of the benzene - antimony trichloride complex, as
56indicated by the infra-red data , is probably not monomeric, but that 
the antimony atoms lie out of the plane of the benzene molecules, a 
likely structure being
plane du)
This allows the formation of polymeric chains of varying lengths, and 
constitutes, most probably, partial persistence of the crystalline 
lattice structure in the liquid phase.
Taking the present data at its face value, it would appear that 
at low concentration (0.01 M) the reactants are relatively free, and 
reaction rapid. As the antimony trichloride concentration increases, 
complex formation occurring between antimony trichloride and benzene 
slows the reaction; between sets 4 and 5, with a 10 fold antimony 
trichloride concentration increase, the rate remains much the same, 
although direct dilution of the reaction solution used in set 5 slows 
the initial rate as calculated for a biraolecular reaction (table 17), 
but with increased exchange rate with time of contact of reactants, 
presumably as the diluted complex disocciates or an antimony tri- 
chloride-trimethylchlorosilane species forms, or both. Superimposed 
on this concentration dependence pattern, as least at 25°, is an 
increased exchange rate with time of contact for given initial con­
centrations, similar to that observed in hexane solution, but possibly 
in benzene due also to disocciation of an antimony trichloride complex
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on dilution. At 40° the results are anomolous in that exchange 
slows as time of contact increases, until at ~lO/o exchange it is 
approximately a tenth of the initial rate. This is the normal 
hehaviour of an exchange system in which the exchanging atoms or 
groups exist, from the beginning of the exchange reaction, in more 
than one stable environment in one of the reactants. This behaviour 
is most probably due to antimony trichloride-benzene compound formation, 
as the antimony trichloride-trimethylchlorosilane species cannot form 
until after the reactants are mixed, and from the behaviour of the 
system in hexane, formation of the latter species leads to faster 
exchange. These sets ( 1 and 2 ) of experiments at 40° indicate 
that a substantial fraction ( of the order of 2Cfio to 30^ ) of the 
antimony trichloride in benzene solution is present as a compound with 
solvent molecules, and that this compound is substantially undissoc­
iated during more than 12 hours. The complicated concentration 
dependence of the exchange rate at 25° confirms the existence of such 
a compound, but the form of the exchange curves indicates that at 
this temperature benzene compound formation is displaced in favour 
of that with trimethylchlorosilane.
The results are, however, certainly complicated by such effects 
as re-establishment of equilibria after freezing of solutions for 
outgassing (3«e*i), and on mixing of antimony trichloride solutions 
in benzene. Such effects are probably responsible for the rather 
erratic behaviour of the system (tables 4  to 8 ) indicated by 
the scatter of points in figure 2 . To establish the real be­
haviour of the system in benzene the experiments would have to be very
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differently designed; for example the antimony trichloride-benzene 
solution would have to be equilibrated at the reaction temperature 
before mixing with pure trimethylchlorosilane, and equilibration of 
silane, antimony trichloride and benzene performed before the 
addition of a small further amount of labelled silane or antimony 
trichloride. Until the hexane system is thoroughly elucidated the 
benzene system is probably not worth further study, and in any case 
the effect of benzene-antimony trichloride compound formation on the 
exchange behaviour of the latter would be better studied with ex­
change reactants unlikely themselves to form addition compounds with 
antimony trichloride, and which would exchange at faster rates than 
in the present system, so that exchange between free and bound 
antimony trichloride species could be distinguished.
Since benzene is a solvent of by no means negligible nucleophilic 
power, the activation energy of 25 Kcals calculated for the reaction 
in benzene (5*d.ii) compares reasonably with the value of 18.6 Kcals 
observed for hexane solution. Displacement of benzene molecules 
oriented by the polar molecules Me^SiCl and SbCl^ , v/ould be expected 
to add significantly to the energy required for reaction in benzene 
as compared with hexane.
(b) Possible exchange mechanisms is hexane solution.
It would appear that the most likely exchange process for 
the direct exchange at least, involves some form of transition state 
complex between the undissociated molecules. If the limiting process 
in the exchange was the formation of an addition compound between the 
reactants, the initial rates of exchange ought to depend on the
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product of the reactant concentrations, and not their sum, as was 
observed. However it is possible that a configuration allowing ex­
change is the one which leads, but not necessarily with the same 
efficiency, to the formation of the addition compound.
The non-conductance of antimony trichloride in benzene and
hexane solutions, and that of trimethylchlorosilane in ordinary
94solvents , shows that there are no finite concentrations of ions in
the reaction solutions, although reaction processes involving the
transitory formation of ionic species are not entirely excluded on
these grounds. However the bimolecular rate dependence over the
range of concentrations studied excludes ionic disocciation as a rate
forming step in the reaction process.
In the exchange of antimony ions between antimony trichloride
45and antimony pentachloride in carbon tetrachloride , and in hydro-
89chloric acid solution , covalent mechanisms with respect to antimony
trichloride have been demonstrated, and antimony trichloride acts as
a catalyst in numerous reactions ( See Chemical Abstracts ) where
presumably the particular dimensions and co-ordinating power of the
molecule constitute its catalytic properties. Antimony of course
forms a large number of covalent organo-antimony compounds, and the
formation of aromatic antimony compounds via reaction of antimony
trichloride with diazonium or hydrazine compounds, for example, has
been shown to proceed by preliminary co-ordination of the halogen of
95the diazonium compound to antimony
All reported mechanisms of substitution on silicon occur either 
by means of direct nucleophilic substitution on silicon in the un-
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disocciated molecule, as in the reaction of tri-isopropylchlorosilane
with alcohols and water\ and the alkali-catalysed cleavage of
96"benzyl trimethyl silane s' , or by electrophilic attack on the atom or
group attached to silicon which is being replaced, as in the reactions
£
of trimethylhalogenosilanes with methylmagnesium halides , the re-
20action of triethylfluorosilane with aluminium iodide4“ (see introduction)
97and tlie reaction of trialkyl silanes with iodine , or both, as in the
98reaction of trialkylsilanes with silver perchlorate in various solvents ,
99and the acidic hydrolysis of organosilicon hydrides . No mechanism 
appears to have been substantiated in which positively charged organo­
silicon ions are reaction intermediates, and it is likely that where 
such entities are suggested, that at most partial charge separation
occurs in the activated complex, since the energies required for such
68ionizations in solvents of low polarity are exorbitant
By comparison the reactions, and in particular the isotopic
exchange reactions, of the corresponding carbon halogen compounds
(for example tertiary butyl bromide, the carbon anologue of trimethyl-
bromosilane) often occur by mechanisms contributed to by a first order
dissociation process. In the isotopic exchange of bromine atoms
26between lithium bromide and tertiary butyl bromide , the contributions 
of first and second order processes are about equal.
While the behavior of the antimony trichloride - trimethylchloro- 
silane exchange in hexane is fully consistent with a covalent mechanism 
involving co-ordination of the halogen of the silane to antimony, as 
suggested in the introduction and in accord with the kinds of mechanisms 
discussed above, (6.a.i), similar studies would have to be made with
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other triorgano- or substituted triorganohalogenosilanes, and the 
variation of rate and activation energy compared from compound to 
compound.
The most likely mechanism of exchange is a concerted rearrange­
ment involving a 4-centre transition state of the form
He-,-Si --- Cl3 ■
■ I
I I
Cl--- SbCl2
which allows tetrahedral disposition of the chlorine atoms about 
antimony, and involves 5-co-ordination to silicon during the rearrange - 
ment. Compensation of charge and numbers of electrons would mean 
that the effect of a chloromethyl group, say, replacing a methyl group 
would have no marked effect on the process, as for the corresponding 
mechanism in the trimethylhalogenosilane-methylmagnesium halide re­
action^, which was also substantiated by reactions with phenyldimethyl- 
chlorosilane and p-tolyldimethylchlorosilane. Such tests would dis­
tinguish the proposed mechanism from one involving direct nucleo­
philic attack on silicon. If the compound formed between the 
present reactants is as suggested in formula II, 6.a.i, then labelled 
trimethyl chlorosilane added in further small amounts to an equili­
brated equimolar solution of the reactants in hexane, would be expected 
to exchange chlorine atoms only very slowly with antimony trichloride, 
as the co-ordinating positions of the latter molecules would already 
be occupied.
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The order of reaction after pre-equilibration of the unlabelled 
reactants should also give a useful indication of the kind of inter­
action occurring between the reactants, and therefore the likely 
reaction path. Immediate possibilities to check would be whether 
the reaction was "bimolecular" with respect to the assumed addition 
compound and excess of antimony trichloride, and whether, as could 
well be the case, the reaction was first order with respect to the 
addition compound in the presence of excess trimethylchlorosilane.
A "bimolecular'1 rate for the latter circumstance would almost 
certainly be different from that for excess antimony trichloride.
(c) Suggested Further Studies
Experiments to elucidate the present mechanism have been 
suggested in the discussion above, and would mainly comprise investi 
gation of the exchange after equilibration of the inactive reactants 
and the use of various substituents in place of methyl groups in 
trimethylchlorosilane.
It would be of interest to determine the freezing point- 
composition diagram for antimony trichloride-trimethylchlorosilane, 
to find whether compound formation occurred under such circumstances 
these experiments would have to be made under pressure, as the 
melting point of antimony trichloride is 73° and the boiling point 
of trimethylchlorosilane is 37°•
The systems discussed in the introduction remain of interest, 
and probably the two most rewarding studies would be those of the 
exchange of bromine atoms between magnesium bromide and trimethyl- 
bromosilane, and oi chlorine atoms between aluminium chloride and
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trimethylchloro silane.
The metliods developed in the present studies are directly 
applicable to such systems, and as discussed in 2.b.v., the 
separation method is applicable to any liquid phase reaction system 
comprised of a volatile and an involatile reactant in the presence 
or absence of a solvent. The reaction need not necessarily be an 
isotopic exchange, provided it is not too rapid; for example the 
kinetics of the reaction between magnesium bromide and trimethyl- 
iodosilane could be followed by separating the reactants using the 
evaporation method, and determining the amounts of iodide and 
bromide present in the magnesium and organosilane fractions, (although 
this particular reaction could probably be more readily studied 
using dioxane precipitation of the magnesium halides).
7. SUMMARY
Isotopic halogen atom exchange has been found to occur between 
trimethylbromosilane and trimethylchlorosilane and the corresponding 
halides of aluminium, antimony and magnesium, in benzene or ether 
solution, and between trimethylchlorosilane and the reactants 
aluminium chloride, antimony trichloride, and hydrogen chloride in 
the absence of a solvent. The kinetics of the exchange between 
antimony trichloride and trimethylchlorosilane in benzene and hexane 
were studied over a range of temperatures and concentrations, and 
found to be initially bimolecular in hexane, and probably so in 
benzene also. The kinetics are complicated in hexane by the 
formation of a species allowing more rapid exchange with increasing 
contact time of the reactants, and further complicated in benzene 
by interaction of antimony trichloride with the solvent. The data 
are consistent with formation of an addition compound between the 
reactants which allows faster internal exchange than occurs between 
the free reactants, and exchanges rapidly with free antimony 
trichloride by a mechanism similar to that proposed89 for antimony atom 
exchange between antimony trichloride and pentachloride.
The reactant separation developed, rapid evaporation from a 
stirred, outgassed solution held under its own vapour pressure, is of 
general applicability to reaction systems containing a volatile and 
involatile reactant.
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The diameter of the circles locating the experimental points 
exchange curves show the estimated limits of error for F = 0.30.
Figure 1
Sb Cl,, SOLUTION STORAGE AND DELIVERY
A Glass enclosed striker for adjacent break 
seal
B Storage volume
C Self-levelling burette
D Seal-off constriction, connecting also to
benzene storage vessel
E Three-way stopcock
F Nitrogen inlet
G Pressure release exit
Tef lon & Glass 
NeeCle Valve
SbCI3 SOLUTION STORAGE AND DELIVERY
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SINGLE SAMPLE REACTION VESSEL
A G-lass p lu n g e r
B P r e c i s i o n  b o re  tu b in g ,  11 ram
C S l i d i n g  O - r in g  s e a l
D C o n n e c tio n  to  s e p a r a t i o n  l i n e
E U pper s o l u t i o n  com partm en t
F T h in  g l a s s  b u lb
G- R e a c t io n  com partm ent
H M ag n etic  s t i r r e r
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SINGLE SAMPLE REACTION VESSEL
F ig u re  3
REACTION AND SEPARATION VESSELS
A SbCL, s o lu tio n  s to ra g e  b u lb , 50 ml 
B Mixing and re a c t io n  bulb 
C Guard tube
G- G rease less  g la s s  stopcock .
(Racking mechanism f o r  moving neoprene 
diaphragm i s  n o t shown)
J  Therm ostat b a th  b a se , w ith  0 - r in g  sea ls
K E vapora tion  compartment
L M agnetic s t i r r e r  
M Coarse g la s s  s in te r
N F ine  g la s s  s in te r
P P ressu re  tu b in g  connection  to  se p a ra tio n  l in e  
S G lass enclo sed  s t r i k e r  f o r  a d ja c e n t b re a k  se a l
Neoprene
Polythene
Figure 3
REACTION AND SEPARATION VESSELS
Figure 4
SEPARATION LINE
N Nitrogen inlet 
S Glass sinter
V To vacuum manifold via a liquid 
air trap
Figure 5
TOTAL ANALYSIS SAMPLE VESSEL
A  Seal off constriction 
B Graduated 4 mm precision "bore tubing
C Six ml sample volume
5 cms
\J
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Figure 5
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Ä v ^ T datd °XidiationS find wide application to the estimation of 
«-glycol and similar groups. A recent survey including methods of
T / "  be<3n giV6n b j  DyerK Periodate solutions in 
o i n  tm  C° ™ f ratlon range can readUy be standardized by the method
, J l l  i LaWge ’ ’ °r modifications of it7, in which periodate in 
‘ " T  bicarbonate solution is reduced to iodate with excess arsenite 
potassium iodide being added to catalyse the reaction. The excess 
arsenite is titrated with standard iodine solution, starch being used as 
an indicator. Burmaster1 has used the method to determine amounts 
periodate down to 2.5 micromoles, in a study of the oxidation of 
«-glycerophosphate. Alternatively, potassium iodide may be added to
This m th ,  P te and thG Hberated i0dine titrated with arsenite. 
an h glves accurate results in the ilf/100 region (Hartman*)
:  y  r  and MagUire9 for the estimati°n of fractions
method for r 0 ate' ^  h0WeVer’ d°eS n0t com m end  thismethod for general application because of the oxidising properties of
me in bicarbonate solution, and because the slow release of iodine
low periodate concentrations might lead to loss of iodine from the
?n W t V °  U! r % T£ 1S S! r  rea0tiOn Precludes the u«c of the m ethod 
n kinetic studies of short duration, and also the potentiom etric titra tion
tL a t i o n t  t 7  P°tassium iodide. By following the iodine-arsenite 
titration potentiometricaUy the Fleury-Lange procedure can be extended 
to the estimation of 0.5 micromoles of periodate with 1% precision, and 
0.05 micromoles within 3%, as indicated in Table I. Since it is the
is useT* “  6 am0Uints of Periodate in a sample and a control which
is used to estimate the amount of oxidation occurring in the sample,
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it is the precision of the periodate determinations under replicate condi­
tions which will fix the accuracy of this estimation, and systematic 
errors should cancel.
Table I. P e r i o d a t e  D e te r m in a t io n s
Concentrations * KIO4 mmoles % Differences
KIO4 stock 
yumoles/ml
I2
Aiequiv./ml calc. obs. from calc.
between
duplicates
10 0.66 5.00 5.00 0.0
5.00 0.0 0.0
10 0.14 1.96 1.96 0.0
1.975 +  0.8 0.8
10 0.14 0.985 0.975 —  1.0
0.970 —  1.5 0.5
** 0.66 1.20 1.20 0.0
1.185 —  1.3 1.3
1 0.62 3.03 2.985 —  1.5
2.975 —  1.8 0.3
1 0.63 3.03*** 2.99 —  1.3
2.99 —  1.3 0.0
1 0.63 1.04 0.995 —  4.5
0.995 —  4.5 0.0
1 0.12 0.502 0.485 —  3.5
0.479 —  4.5 1.2
1 0.12 0.197 0.191 —  3.0
0.187 —  5.0 2.1
0.17 0.67 0.170 0.169 —  0.6
0.165 —  3.0 2.4
0.17 0.02 0.033 0.031 —  6
0.030 —  9 3.3
0.1 0.02 0.0096 0.0112 +  17
0.0105 +  9 7
* Approxim ate values only.
** 0.5 m l taken  from  a solution containing 5 ml of 0.01 M  K I 0 4, 10 ml 
of NaHCO-j, 5 m l of 0.025 N  arsenite and 1 m l of 20% K I.
*** Double th e  am ount of NaHCOs and  K I used for these samples as 
com pared w ith  the  previous pair.
Below one micromole it was not possible to avoid systematic errors 
apparently mainly due to loss of periodate. Higher losses occurred 
when aliquots of periodate were taken from diluted solutions rather 
than from Mj 100 stock solution, and use of ordinary distilled water 
increased this loss. Since the oxidation potential of the periodate-iodate 
couple in acid or alkaline media is considerably higher than that of 
the arsenate-arsenite couple8, it can be calculated that the amount of 
periodate which has not reacted in the presence of excess arsenite should
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be negligible at the concentrations used in the present work. It appears 
that the low values for the periodate determinations are not due to 
incomplete reaction since a number of the duplicates were left in the 
dark for periods of up to forty minutes before titration with iodine. 
The high precision of the arsenite-iodine titrations together with the 
above considerations make it highly probable that the low values obtained 
are due to systematic loss. While all periodate solutions were kept in 
dark bottles and stored in the dark, transfers and dilutions were made, 
with minimum delay, in ordinary light, avoiding direct sunlight6.
Titration of arsenite with iodine at various appropriate dilutions 
was found to give iodine titres within 0.4% of those required (4 ml) 
down to 0.0001 N, provided that the titrant solutions contained 1% 
potassium iodide at the equivalence point. The presence of up to 20 micro­
moles of potassium iodate did not affect the titre required. Since it 
was desired to determine periodate in an in vitro biological system titra­
tions were made in the presence of a biological diluent3 containing small 
amounts of inorganic salts, glucose, gelatine, chloramphenicol and phenol 
red. Approximately 0.1 ml of 0.00013 N  iodine solution was consumed 
by 1 ml of the diluent, but otherwise the end point remained unaltered.
T able I I .  A r s e n i t e - i o d i n e  T i t r a t i o n s  in  S o d iu m  B i c a r b o n a t e
S o l u t i o n
Io d in e A rsen ite
m l I 2 fo r 1.000 m l 
of a rsen ite
P o te n tia l  
change a t  
equ ivalence
m v/0 .05  mlD ilu tio nfa c to r N o rm a lity
D ilu tio n
fa c to r N o rm a lity E x p e c t O bserve
i 0.01673 1 0.0278 16.62
25 0.000670 5 0.00556 8.28 8.26*
8.25*
60 (10.5 ml)
25 0.000670 10 0.00278 4.14 4.13
4.12
75 (6.5 ml)
125
750
0.000134
0.000022
50 0.000556 4.14 4.15
4.16 
4.16**
35 (6.5 ml)
20 (2 ml)
* 5 m l ad d ed  b y  c a lib ra te d  p ip e tte .
** I n  th e  p resence of 20 //m ole of iodate .
Experimental
A conventional potentiometric titration arrangement was used, with 
a bright platinum electrode and a salt bridge, connecting to a mercury- 
mercurous chloride reference electrode, dipping into the stirred solution
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to give complete drainage. 0.1-ml to 0.5-ml pipettes thus treated could 
be used to give successive deliveries within 0.0005 ml, and 1-ml to 10-ml 
pipettes to within 0.1%.
andSOdm ^ arT ite in,bicarb0nate buffer was used as primary standard, 
and 0.01 N  iodine solution and 0.01 M  potassium periodate in 0.9%
sodium chloride solution were standardized against it. When the latter 
solution was stored m the dark, its concentration did not change within
ff“ A ° T f fPT f  m a W6ek’ “  accordance with the observations of 
HeadznA Hughes*. The solutions listed were diluted with 0.2 M  sodium 
bicarbonate, 1% potassium iodide, and 0.9% sodium chloride solutions 
respectively. For the results given in Table II, all solutions were made 
up with conductivity water.
Aliquots of periodate were pipetted into 1 or 2 ml of 1 i f  bicarbonate 
solution in the titration vessel, followed by appropriate amounts of 
arsenite and 2 0 / potassium iodide solutions in that order. The concen­
trations of bicarbonate and iodide at the equivalence point were kept 
at least 0.2 M  and 1% respectively. Where the amount of iodine solution 
reqmred for excess arsenite was more than 5 ml, an appropriate amount 
was added by pipette. The dilute iodine solutions used were standardized
Tf 0 OOo", r  °UrS 1  US6’ and St0red “  the dark' The concentration of 0.0001 N  iodine solutions did not change by more than 0.5% in this
ime, the precaution being taken of refilling the burette between determina- 
ons with solution freshly poured from a large volume (300-400 ml) 
kept in a tightly stoppered bottle.
It was found essential to have the platinum electrode thoroughly 
clean. Before each titration it was washed, and then dipped at red 
heat into fresh aqua regia, being finally washed in distilled water
Summary
The Fleury. Lange method for the estimation of periodate can be
m etH c  t f / am? ?! COntammg l6SS than °-05 micromoles by potentio­
metric titration of the excess arsenite with dilute iodine solution. Iodine 
solutions down to 0.0001 N  can be titrated with 0.4% accuracy
Zusammenfassung
a i, f p l M etl!i0de V° n  FleUry 1111(1 Lange zu r B estim m ung  von  P e rjo d a t k an n  
0 ,000l-n  Jo d lo sungen  lassen sich m it 0 ,4%  G enauigkeit titr ie ren .
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Resume
L a  m ethode  de Fleury  e t  Lange p o u r l ’e s tim a tio n  d u  p e rio d a te  p e u t 
e tre  e ten d u e  a u x  echan tillons n o n ten an t m oins de 0,05 m icrom oles p a r  le 
ti tra g e  p o ten tio m e tr iq u e  de l ’exces d ’a rsen ite  avec une  so lu tion  d ’iode diluee. 
D es so lu tions d ’iode ju s q u ’ä 0,0001 N  p e u v en t e tre  titre e s  avec une  precision 
d e  0 ,4% .
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In their recent paper, Dulbecco, Vogt and 
Strickland (1) have advanced a new theory to 
account for the kinetics of virus-antibody inter­
action. The novelty of the theory lies in its 
rejection of the view, commonly held since the 
classical studies of Burnet, Keogh and Lush (2), 
tha t dissociation of antigen-antibody complexes 
is of practical importance; and in postulating a 
“persistent fraction” of virus which cannot be 
neutralized by antibody.
The former runs counter to experience with 
other viruses and their antibodies, adequately 
interpreted in statistico-kinetic terms, that is, by 
assuming a dissociable virus-antibody complex. 
The latter would suggest, among other things, 
tha t infection by these viruses (Western equine 
encephalitis and poliomyelitis) can be neither 
prevented nor stopped by immunological means 
—a conclusion difficult to reconcile with the 
fact that neither disease is invariably fatal, that 
both leave behind lifelong immunity, and that 
vaccination has been signally successful in pre­
venting them.
Since, after all, prevention of disease is still a 
legitimate subject for immunologic inquiry, we 
propose to reinvestigate the processes leading to 
neutralization of viral infectivity. The first paper 
of the series, normative, will develop a model and, 
taking into account the peculiarities of assay 
techniques, translate it into operational terms. 
The second, polemic, will use the data of Dulbecco 
et al. to decide between the two hypotheses. The 
rest, experimental, will present new evidence on 
the neutralization process and new methods to 
study some of its details.
1. THE INTERACTION OF VIRUS AND ANTIBODY
1.1. General assumptions
1.11. The conditions of virus-antibody inter­
action. Consider the system V  virus particles and 
A  antibody molecules per unit volume. Antibody
is specifically directed against the antigenic sites 
on the virus surface, but to combine the 2 par­
ticles have to collide first. The number of collisions 
is given by the Trautz equation (3),
r zA = VA{rr +  rAy
)
(1.11a)
where YzA is the number of collisions/cm3/sec 
between the 2 types of particles, V  and A  are 
their concentrations, r and m the radius and 
mass of the respective particle indicated by the 
subscript, k is the Boltzmann constant, and T  
the temperature in K°.
Of these collisions only a fraction /  will be 
steritally correct, i.e., occur between the specific 
combining area (site) of the virus and a properly 
orientated antibody molecule.1 Thus the product 
vzA •/ will give the number of collisions that could 
lead to union. However only those combinations 
possessing energy > e will form a virus-antibody
1 We choose here to discuss the process in terms 
of the collision theory, /  being the frequency (or 
steric) factor as usually understood in that the­
ory. In absolute rate theory the concept /  is re­
placed by that of entropy of activation, the en­
tropy term entering the rate equation in the form 
eslR, analogous to that for energy of activation. S  
is now the measure of the restriction of configura­
tion, including localization of bond energies, oc­
curring when the reacting molecular complex 
passes through its most restricted form.
For a reaction involving large molecules which 
form simple addition complexes the main contribu­
tion to the entropy term will come from the loss 
of translational and rotational degrees of freedom, 
and hence steric orientation considerations are a 
good approximation to the more sophisticated 
theory. In either case, the rate equation param­
eters have to be determined empirically from the 
variation of reaction rate with temperature and 
concentration.
215
216 S. FAZEKAS d e  ST.GROTH, G. S. WATSON AND A. F. REID [v o l . 80
complex, and at temperature T this fraction is 
exp] — t/WT}. Hence the number of effective 
collisions in unit time and unit volume is 
vzA /-exp] - e /k T \ .
1.12. Association of virus and antibody. Whereas 
collisions occur between virus and antibody, the 
reaction proper concerns the antigenic sites, here 
assumed to be s in number per virus particle. 
Thus, while the number of virus particles remains 
constant, the number of free sites and free anti­
body molecules will each decrease by one for 
each effective collision. After y antigen-antibody 
complexes have been formed the concentration 
of free antibody will be (A — y), the concentra­
tion of colliding virus remains F  as initially, 
but the average chance of successful collisions 
will now be reduced by the factor (sF -  y) /sV, 
which is proportional to the mean number of free 
sites per particle. In this way the concentration 
of free sites decreases at the same rate as does 
free antibody, and is equal to the rate of increase 
in the concentration of antigen-antibody com­
plexes. In differential form, ignoring the negligible 
change in mass and radius of virus-antibody 
complexes,
dy sV — y
V(A -  y)
+  r j ’/j/l&rk r Q -  +  —
(1.12a)
and since environmental conditions are kept con­
stant, we may write ka for the term in square 
brackets
dy sV — y
-  = K ~ - f y - V U - y )
~  (sF -  y)(A s
(1.12b)
y).
Thus association (the process which leads to an 
increase in y) will show second order kinetics, 
ka/s  being the association constant per site.
1.13. Dissociation of virus and antibody. Of the 
y antibody molecules bound to antigenic sites a 
certain fraction will have a vibrational energy 
component perpendicular to the surface which is 
> y, if y is the binding energy, this fraction will 
dissociate. From the Maxwell-Boltzmann dis­
tribution the concentration of these molecules 
equals y-e Hence the rate of decrease in 
the number of bound molecules is
dy (jqi
~ d i  =  a ye~vlkT’ or - Y t = k d y  (U 3a)
as the energy term remains constant unless the 
temperature changes. Thus dissociation will be 
kinetically of the first order.
1.2. The basic model
1.21. Equilibrium of the virus-antibody system. 
If in a system both association and dissociation 
are operating under the mechanisms defined in 
1.12 and 1.13, the rate of change in the number 
of virus-antibody complexes per unit volume is 
their net effect. I t is therefore given by
dy ka ,
dt = 7  sF ~ V^ A ~ yS> ~ kdV' 6-21a)
At equilibrium, that is, where the rate of 
association and dissociation is the same, there 
will be no overall change in the fraction com­
bined. If ye is the number of bound antibody 
molecules at equilibrium then, putting dy/dt = 0 
in 1.21a, it is seen that
k a _________y,______
skd (sV -  ye){A -  y.)
[combined antibody] 
[free sites]-[free antibody]
(1.21b)
1.22. Kinetics of virus-antibody interaction. 
The approach to the equilibrium state is governed 
by 1.21a. Experiments are usually so arranged 
that initially (at time 6) there is only free virus 
and free antibody in the system, i.e., y(ti) = 0. 
More generally let the concentration of antigen- 
antibody complex bey(tO > 0 at h , so that then 
the concentration of free sites is (sF -  y(ti)), 
and of free antibody is (A -  y(ti)). To obtain 
the concentration of antibody bound to sites at 
a later time t, Equation 1.21a has to be inte­
grated over the time interval (tu t), during which 
tune the concentration of bound antibody changes 
from y(ti) to y(t). Thus,
r(,) ________ dy
yUl) (sF -  y)(A -  y) - ~ y
K (1.22a)
To bring the left side of 1.22a into a form that 
can be integrated, the integrand is first factorized 
and then expressed in partial fractions, giving
rv(.t )
* W l >  y2  _
1
( s V  +  A + ^ y  +  sVA (L22b)
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/•!/(* )
(y - a){y'  b>
b -  a \ y  -  b y - a j
(1.22c)
(1.22d)
however, it could be. >1, i.e., the system would 
then be concentrated. The initial concentrations 
at time h are [5F, 8A, 8y(ti)]. By substituting 
these in 1.21b, the new equilibrium value of 
y(tM) satisfies
where a and b are the roots of the quadratic equa­
tion obtained by putting the denominator in 1.22b 
equal to zero, i.e.,
a, b H ( _
± i / (
sV +  A + 9
sV + A + 4s FA ■
(1.22e)
This also leads to the concentration of antigen- 
antibody complex in the equilibrium state, ye, 
whieh is given by the smaller root.
Carrying out the integrations, we obtain
1 /  y(t) -  b _  ln y(t) -  a \
b -  a V 2/(6) -  b “ y(ti) -  a)  ^
= -  (t -  U), s
or
(y(U) -  d)(y(t) -  b) = ka ((_y 
(y{t) -  a)(y(ti) -  b) s
(1.22g)
and hence
b(y(ti) — a) +  a (b
v(t)
y(ti))
■exp l(b — a) — (t — ti)
(y(h) -  a) + (b -  y(h))
• exp ( (b —a) — (f — ti) s
(1.22h)
It may be seen that ye = 2/(0-
1.3. Alterations of the basic system
Any quantitative change in the above system, 
either when in equilibrium or in an intermediate 
state, will result in a new equilibrium which will 
be approached at a new rate. The possible ways 
of altering isochoric and isothermic systems 
(i.e., where molal volume and temperature are 
not varied) will be dealt with below, always by 
giving the initial conditions first, then defining 
the equilibrium state, and finally the kinetics of 
the reaction leading to it.
1.31. Effect of dilution. This is the simplest 
case: the absolute amount of reagents remains 
constant but their concentration is altered by a 
factor 8. In practice this factor is usually <1;
________ ydJ________
(SsF -  yiO ) (SA -  2/(0)
(1.31a)
By similarly substituting into Equation 1.22h 
we can determine the intermediate state at time t
y(t)
ß(&y(ti) — a) +  a(ß — Sy(ti))
•exp j(|3 — a) — it — ti) 
(Sy(ti) — a) +  (ß — Sy(ti>)
•exp j(/3 — a) — (t — ti)
(1.31b)
The constants a and ß are the roots of 1.31a> 
regarded as a quadratic equation in y.
1.32. Effect of competition. By adding further 
quantities of one or more of the components to 
the system, the established equilibrium can be 
shifted. If these new additions are of the same 
kind as those brought together first, the rate 
constants and hence the equilibrium constant K 
will remain unaltered, and such a system shall 
be called isocompetitive. If the added reagents are 
of a different kind but show the same kinetics of 
interaction, two similar equilibria must be simul­
taneously satisfied, and such a system is homo- 
competitive. Heterocompetilive systems, in which 
reactions proceed by different routes are not 
known for virus-antibody interactions, and will 
not be dealt with.
1.321. Isocompetition. Suppose that 2 systems 
are combined at time to. If the systems are repre­
sented by [F i, A i, ?/i(fo)] and [V2 , A 2, 2/2(6)], 
then after they are mixed together the total virus 
present isF i +  V 2 = F  t , the total antibody is 
Aj -f- A2 = A t , of which 2/1(6) +  2/2(6) are 
initially bound to virus. Let yi(t), 2/2(6 be the 
concentration of occupied sites at some later 
time t, and write x(t) = yi(t) +  2/2(6- When the 
system has reached equilibrium (t — <»), the 
concentration of bound antibody will have 
changed from 2(6) to x ( t j ,  the smaller root of 
the equation
K = ------------- (1.321a)(sVT -  x(tJ )(A T -  xlO )
The kinetics cannot be described by simple 
substitution into one of the equations derived 
above since we have two simultaneous reactions
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of association (cf. 1.12b) competing for the same 
pool of free antibody, and 2 simultaneous reac­
tions of dissociation (cf. 1.13a) contributing, a t 
different rates, free antibody to  this pool. Thus 
the process is governed by the simultaneous 
equations
= (sFi -  yO 
dt s
[U i +  As) -  (yx +  y2)\ -  kdyx
^  =  -  (s72 -  * ) at s
[(Ai -f A2) -  (yi +  yf)] -  kdV2J
, (1.32ib)
where the term  in square brackets is the pool of 
free antibody. The to ta l concentration of bound 
antibody a t  time t, x(t), m ay be found by adding 
the two equations. This gives
Ar b
—  = — (s7 r  — x) (A T — x) — kdX.  (1.321c) 
dt s
Integrating Equation 1.321c with the initial con­
dition x(t0) = yx(t0) +  yo(to),
r x t t )
J  x(Jx“ «) (sVT - x ) ( A T - x )  - - XK
fJo
(1.321d)
by the same methods which were used for 1.22a, 
we find
H 'ln ~  & _  jn ~ß — a \  x(to) — ß x(to) —
(1.321e)
d-321f)(x(t0) — ß)(x(t) — a) s
Hence
ß(x(U) -  a) +  <x(ß -  x(U))
x(t)
■ exp ( (ß —  a)  —  t
(x(t0) — a) +  (ß — x(to))
exp < (/8 — a) — t
(1.321g)
The constants a  and ß  in these equations are the 
2 roots of 1.321d, solved for x; the smaller root
is, again, the equilibrium concentration of com­
bined antibody a t t = x .  Equation 1.321d 
gives the to ta l concentration of combined an ti­
body molecules, x(t), irrespective whether the 
complex is formed with sites on particles from 
System 1 or System 2.
Although 1.321b cannot be solved explicitly, 
numerical values of yi(t) and y 2(t) can be ob­
tained to  any required degree of accuracy by  the 
use of 1.321g. Alternatively, Bodenstein’s sta ­
tionary state hypothesis will give a useful ap­
proximation. The assumption here is th a t the 
concentration of free antibody remains constant, 
i.e., [(Aj +  Af)  -  (yx +  yf)} =  const. =  B, say. 
The true value of B  a t the inception and comple­
tion of the reaction can be read off directly from 
1.321g: a t  time t =  0 it is [(Ai +  A2) -  x(t0)), 
and becomes finally [(Ai +  A2) — a:(<M)]. I f  the 
2 are not close in value, use of the Bodenstein 
approximation will still give a limiting maximum 
time for a given fraction of the reaction.
W ith the assumption of a constant pool of free 
antibody the first equation of 1.321b becomes
=  -  («7i -  yx)B -  kdyi,  (1.321h) 
dt s
which has the standard solution
__1_
— B +  kd s
( — B  +  kd)  yx(t) -  -  BsVi (1.32Ü)
i V s /  s
'In  TT V 7 ----- 1-
( j B  +  kd) j/iWo) — - j  BsVi 
Note th a t as t—» co ,
^ 0  B  +  k } jy x(t) -  R sF jJ  -  0, 
and hence the half reaction tim e is given by 
tm — (—ln £) j  B  +  kd
The solution for y2 from the second equation of 
1.321b is analogous.
1.822. Homocompetition. As in the isocompeti- 
tive system, a t the tim e of adding the new 
reagents (f =  0) we have [ 7 j , A i , y x(t0)] of the 
original components, and [V2 , A2 , ?/2(<o)] of the 
new components. However, the original equi­
librium is characterized by the constant
1958] NEUTRALIZATION OF ANIMAL VIRUSES. I
219
K i  =  K i/s i-kd i ,  and the added system by 
K i  =  Ki/Si-kdi ■ In  the final state (t =  ■») 
these equilibria m ust be satisfied simultaneously, 
so th a t we have
Ki
Ki
(siF i -  yi)[(Ai +  Ai) -  (yi +  »)]
____________ V^  ____________
(1.322a)
(s2 Vi -  yi)((Ai +  Ai) -  (yi +  Vi>\
By rearranging and expressing the to tal con­
centrations as in 1.321 (viz., Ai +  A 2 =  A r ; 
V x +  V i  = V t ; yi +  2/2 =  x), we have
sxV xK x(AT -  x ) l  
1 K\(At x) I 
Si Vi Ki(Ar x)
1 +  K2(At ~~ x)t
(1.322b)
and then by adding these two equations and 
rearranging in powers of x, the cubic equation 
1.322c is obtained,
r ’ -  [ 2Ar +  sF r  + K i +  J  S2
+ J^ Ar + ^2sFr + ^  At
S 1 V 1 S 1 V 2  _ J _ 1
+  Ki +  K t A'i As J
— j^sFr A t +  ^
SiFi s2f A
k T  +  1 ^ ) A t _
(1.322c)
where we have w ritten sV t = SiV 1 +  s2V2 .
If  numerical solution shows th a t the values of 
x a t t = 0 and t = «= are close, the Bodenstein 
treatm ent can be used to find yi and y 2 for any 
required point in time. Equation 1.321h applies 
here too; in this case, of course, not only the 
parameters b u t also the constants will be different 
when calculating y x and y-i.
2. THE CONDITIONS OF ASSAY
A t the present level of knowledge, none of the 
components in the reactions discussed above can 
be tested directly by physical methods. I t  is 
by their biological properties th a t infective virus 
and antibody can be detected. This forced choice 
of assay is a source of uncertainty, since the 
mechanism of infectivity and its prevention is 
scarcely understood. As a consequence, in the 
following sections several alternatives will be 
considered side by side, and it is only by experi­
ment th a t the inappropriate can be rejected.
2.1. Neutralization of infectivity
As the basic example take the system of V 
virus particles and A antibody molecules of 
which a t  equilibrium y are combined with an ti­
genic sites on the viruses. Let the distribution of 
antibody be a t  random; in particular, this is to 
mean th a t the chance of an antibody molecule 
reacting with an antigenic site is independent of 
w hat is happening a t any other sites.
2.11. Suppose th a t all sites are equivalent, and 
th a t the virus loses its infectivity when a t  least 
r (r < s) of its s sites is occupied.
A t equilibrium y  out of sV sites are occupied, 
thus the average chance of any site being oc­
cupied is y/sV .  Hence, from the binomial dis­
tribution, the probability of r out of s sites being 
occupied is
m  -  - K -  ( A ’ ( V - p ) " .  (2..1.)
1 C r!(s -  r ) ! \ s V )  \  sV J  
and the probability of r or more being occupied
Thus out of V  particles/cm 3 VPr will be neu­
tralized and 7(1  -  Hr) remain infective. (The 
values of P(r) and P r can be found in the ap ­
propriate statistical tables.) When s tends to 
infinity this binomial distribution tends to  the 
Poisson distribution with mean y /V ,  so th a t 
2.11b becomes
p , = S  e-y'v ■ (2-He)
r r !
Two special cases need be considered, a) 
W hen r = 1, a single molecule of antibody will 
neutralize the virus, and the probability th a t a 
virus is rendered noninfective is given by
*  -  ! -  P(0) =  [ X ~  (21 Id)
- >  1 -  e-«lr;
b) When r  = s, all sites have to  be filled for 
the virus to  be neutralized, so th a t the probability 
of neutralization is given by
P . =  PCs) =  (2.1 le)
2.12. The sites are not assumed to  be equiva­
lent: there is a number, c, of critical sites on each 
particle through which neutralization can be
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effected, while the remaining (s — c) sites bind 
antibody just as effectively bu t do not play any 
p art in the neutralization process. The distribu­
tion of antibody is random over all sites, and if 
r of the critical sites are occupied (r <  c), the 
virus loses its infectivity.
The chance of any site being occupied is 
y/sV , as in 2.11. Hence,
b) when r = s
M0 (2.13d)
and the cumulative probability from P(r) to  P(c)
* -?(:)(.-!)■ (^)"<“ b>
When there is a large number of sites of which a 
given fraction c/s are critical sites, the binomial 
distribution becomes a Poisson distribution with 
mean cy/sV, so th a t 2.12b becomes
2.14. The number of sites per particle varies, 
but all have a fixed number, c, of critical sites. 
Here
P(r) 
and
Pr =  Z  P(r).
r
The special cases lead to  a)
(2.14b)
Pr =  S  e~c’/laV (cy/sVy (2.12c)
The two special cases are analogous to  those 
in 2.11. a) When r  =  1
Z Vi
i —c (0- (2.14d)
Pl =  I.1 ~  C ^ s F  ?/)  J  1 ~  e ~ c y l , v - (2.12d) 
■ -  (0
b) When r -  c
(2.12e)
2.15. Both the number of sites i  and the number 
of critical sites j  varies from particle to particle 
(0 <  i  < 0 0 ; 0 < j  < i). This is the general 
form, and all the above m ay be regarded as 
specially restricted cases of it. Here s = 
Zj Z* i'Pa  is the mean number of sites 
where pa is the proportion of viruses with i 
sites of which j  are critical. Hence
2.18. The number of sites per particle may be 
variable. A fraction p, of virus particles have iO
sites, so th a t 2  P% = 1, and the mean number 
oO
of sites s = Z i-p, ■ The average chance of a 
0
site being occupied is y/sV . Thus the probability 
of r sites occupied becomes
P(r)
and
U/‘000C^T'
Pr = Z
(2.15a)
(2.15b)
Pix) =
and hence
Pr =  Z  m (2.13b)
The special cases follow in the usual way: a)
p ' = i - t i A 0 0 ’
)
±± *.(%)'i=0 j—o Vs F /P, (2.15d)
The 2 limiting cases here lead to  the formulae 
a) when r  = 1
Pi =  1 -  P(0) = 1 V  „ (*v -  y \ (2.13c)
2.16. Up till now the distinction between criti­
cal and noncritical sites was absolute. Finally 
let us consider the case where such a distinction 
does not exist, b u t a molecule of antibody ad­
sorbed to  site j  has the probability p,- of neu-
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tralizing the infectivity of virus through th a t 
particular spot. This probability (0 <  p, < 1) 
is distributed with the density function/(p), and
has a mean of p =  / p-f(p)dp. The attachm ent
Jo
of antibody molecules to  any site occurs a t ran­
dom, and is thus governed by the formulae of 
2.11. On this model the fraction of virus remain­
ing infective is the expectation
it contains F< infective and F„ noninfective 
particles/cm 3, i.e., V  =  Vi +  F „ . Noninfective 
particles bind antibody in the same way as do 
infective ones, although the neutralization test 
concerns the latter only.
Hence the chance of any site being occupied 
is y/sV , and the calculation of P r goes through 
as in the sections above. Th#«w-viving. fraction
-«©t-FfF-—
E\P{0) +  P (l)(l -  pi)
+  P(2)(l -  P ,)( l  -  P2)+ ••• )
J  (1 -  p )/(p )d p l
(2.16a)
= Z  P W  1 -  P ) r
0
r  V /, -x , «F -  y~\'
- | _ SF ( 1 “ P ) +  s F  J
and hence when s tends to  infinity
—e-pylv (2.16b)
The fraction neutralized is
Pr = 1 -  e~ivlv (2.16c)
a result analogous to  2.l i d  since py will be the 
mean number of neutralizing antibody-virus 
unions.
Two special cases are of interest here, a) The 
probability of neutralization is the same for all 
sites (0 <  Pi = p <  1). The surviving fraction 
will be the sum
P(0) +  P (l)( l -  p) +  P(2)(l -  p)! -I------
= ■ <21M)
and
Pr — 1 — e~rylr. (2.16e)
b) The probability is constant for all sites of any 
one particle, bu t varies from virus to  virus. The 
surviving fraction here is
J /(p) dp~* f e~PVlrf('p) dp,  (2.16f)
and hence
Pr = 1 -  [  e~pvl rf(p)  dp. (2.16g)
Jo
2 .17. The virus population is inhomogeneous:
2.2. Technique
2.21. Types of assay. The fraction of virus th a t 
remains infective is (1 — P r), where the value of 
P r depends on the equilibrium conditions defined 
in Sections 1.2 and 1.3, as well as on the model 
of neutralization adopted (Section 2.1). This is 
the surviving fraction in the test tube where the 
reagents were originally brought together. How­
ever, the number of survivors can be determined 
only in a  system of infectible cells.
An assay is direct if each infective unit of virus 
causes a distinct lesion in the host tissue. Count­
ing of pocks on membranes or plaques on mono- 
layer tissue cultures makes up this group. In  an 
indirect assay the response shows continuous 
gradation, and is usually not linearly related to 
the dose of virus. I t  m ay be read in absolute units 
(such as survival time or diameter of lesions), 
or on an arbitrary  scale (such as degrees of lung 
consolidation, paralysis, etc.). Both the direct 
and indirect methods are quantitative. If  the 
response is all or nothing (such as death  or 
survival; presence or absence of lesions, haemag- 
glutinin, a certain pH, etc.), the assay is quantal. 
The accuracy of a single test decreases in the 
above order. Yet, since the ease of performance 
and evaluation usually falls in the reverse order, 
the choice between a few direct tests or a  larger 
set of quantal assays becomes a m atte r of 
convenience.
2.22. Preparation of the inoculum. Since with 
each of these techniques the information is 
concentrated in a narrow range of the dose- 
response curve, the reaction mixture of virus and 
antibody has to  be diluted by an appropriate 
factor, 8, before inoculation of the host tissue.
In  direct assays, 2 conflicting principles govern 
the choice of this dilution factor. The first tends 
to  increase it, thereby ensuring th a t pocks or 
plaques appear in countable numbers and each 
of them  originates from a single infective unit. 
The second tends to  decrease the dilution factor
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in order to reduce the variance of counts which 
equals the mean number plated, the distribution 
being Poissonian. The usual compromise is struck 
at the dilution giving about 20 pocks or plaques 
—a number easily counted and carrying an error 
of about ±22%. In indirect assays the steepest 
part of the dose-response curve is chosen, and 
the accuracy obtainable is a function of this curve. 
In quantal assays the optimal set of dilutions 
covers the range between 6 and 0.1 infective units 
to give maximum information. The accuracy 
can never be greater than dzdnr1/2, where d is 
the dilution step and n the number of replicates 
per dilution.
Generally, then, in any one test the aim is to 
set the dilution factor at S = opt5/F(l — Pr), 
where the numerator is a constant, the optimal 
number of infective units characteristic of the 
type of assay used, and the denominator is the 
number of surviving particles in that particular 
test. As a consequence of this dilution the con­
centration of free virus will have increased by the 
time the test sample is ready for inoculation. 
If sufficient time is allowed, a new equilibrium 
will have been established, as can be worked out 
by the use of 1.31a; if time was not sufficient, the 
system will be in a transitional state, as described 
by 1.31b. In either case a grave systematic error 
is introduced by ignoring the dilution effect, 
and equating observed survival with that ob­
tained in the reaction mixture.
2.28. Inoculation of susceptible cells. After the 
reaction mixture has been suitably diluted, a 
known fraction of the final dilution is brought 
into contact with a system of infectible cells. If 
the inoculum is much larger than the volume of 
free fluid in the assay tissue, this procedure in­
troduces a negligibly small dilution effect only. 
Generally, the act of inoculation can be regarded 
as a reduction of the concentration of reagents, 
but not of their absolute quantities, and hence 
the ratio of free and combined components will 
shift according to 1.31a and 1.31b. The further 
dilution suffered at this stage is additive to that 
involved in the preparation of the inoculum, and 
is usually negligible by comparison.
Use of an alternative technique, on the other 
hand, may lead to disturbances of overriding im­
portance. If, for instance, a certain set time is 
allowed for adsorption of virus to cells, after 
which the system of host cells is flooded several 
times with large volumes of diluent to wash away
excess reagents. The concentration of free anti­
body is certainly lowered by several orders of 
magnitude, but it is entirely unknown how much 
of the virus is removed at the same time. I t is 
reasonable to assume that the bulk of non- 
neutralized virus will stay on the cells, and some 
indeed may have already entered the cells. I t  is 
equally reasonable to assume that virus particles 
which have bound sufficient antibody to show no 
infectivity, will still have some of their surface 
uncovered and thus some chance of being bound 
by cells. Those more completely covered by anti­
body will adsorb only if their affinity to cells is 
much higher than to antibody; otherwise they 
will be washed away during flooding of the 
system. What happens in terms of the model 
developed above is, so to speak, an asymmetric 
dilution of an equilibrium system. The concen­
tration of antibody is greatly reduced, less so the 
concentration of neutralized virus. The latter 
change is selective, and may be imagined as the 
irregular truncation of a binomial distribution—- 
all terms above a certain level are reduced or 
vanish. What is left is a population inhomogene­
ous in its biological behavior: part infective, part 
neutralized. The complexity of the situation 
would not in itself preclude analysis; it is the 
lack of information about the quantitative condi­
tions which does so. Yet, the trend is obvious: 
since a term in the denominator of 1.21b (the 
concentration of free antibody) has been reduced 
out of all proportion to the other terms, the con­
centration of antigen-antibody complexes must 
drop to re-establish the equilibrium. This dissoci­
ation will be roughly proportional to the con­
centration of neutralized sites, as the other term 
of the denominator (free virus) may be regarded 
as in variate.
2.28. The multiplication process. An ideal 
assay would measure the instantaneous state of 
an antibody-virus system. Unfortunately, even 
the best available method falls far short of this 
requirement in the case of animal viruses. Some 
particles will start multiplication early, some 
later; and while in a direct assay the earliest foci 
of infection may become recognizable in 24 hr, 
their number increases considerably during the 
next days. Accordingly, such tests are read after 
a period about twice as long as it takes for the 
earliest signs of infection to appear. In some 
indirect assays the period of observation may 
extend over several weeks. This delay in reading
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the results in turn gives opportunity for some 
particles, which were neutralized at the moment 
of inoculation, to dissociate and boost the numbers 
of genuinely non-neutralized virus. The chance 
of the reverse reaction to occur is remote, since 
all factors discussed up till now effectively shift 
the neutralization equilibrium in the direction of 
more free virus.
The only factor which could counter the ap­
pearance of lesions in direct tests, and of the 
critical signs in indirect and quantal assays, is 
the continued presence of free antibody in the 
medium bathing the cells. This would be the 
case if the step of flooding the system were 
omitted from the assay. Here a certain fraction of 
the yield from infected cells would be neutralized 
before it could enter a second cell. If this were the 
only route of spread, the rate of growth of the 
infectious foci would be slowed down, but not 
stopped. If the virus could get from an infected 
cell into contiguous cells without entering the 
medium, the presence of antibody should not 
influence the rate at which lesions or other signs 
of infection appear.
2.3. Errors of evaluation
The final reading of lesions does not complete 
the assay: the results have to be made to refer to 
the original sample assayed. This is done by 
allowing for chance and systematic errors.
2.32. Chance errors cause the scatter of readings 
in replicate tests, and are readily dealt with by 
standard statistical methods. Since such errors 
occur at random, their effect is to blur the final 
result which is thus given as a confidence interval 
bracketing the true value, rather than a single 
value.
2.32. Systematic errors may be as many in 
number as there are steps in the assay procedure. 
Their effect is to displace the final reading along 
the scale on which it is measured, i.e., they are 
directional as opposed to the randomness of 
chance errors. In the widest sense of the term, the 
dilution factor is such a systematic error, and is 
routinely corrected for by multiplying the actual 
counts or the conventional end point by its 
reciprocal.
2.321. A fundamental error can be introduced 
by adopting the incorrect model for the mecha­
nism of neutralization. Yet, by varying the dose 
of virus and antibody, the surviving fraction 
postulated by the different models is so different
that there is usually no difficulty in deciding 
which is correct.
2.322. The effect of dilution is a dissociation of 
formed virus-antibody complexes. It depends as 
much on the dilution factor as on the original 
concentrations of the reagents and on the equi­
librium constant K  (see 1.31a). This dissociation 
is a fairly rapid process and, since its initial rate 
is of pseudofirst order, it can be calculated from 
the dissociation constant kd . In some of the 
virus-antibody systems which have been suffi­
ciently studied to allow such calculation, a half­
time of about 5 min can be obtained. Thus in the 
usual time taken for diluting and injecting the 
inoculum, the reaction will have gone a long 
way towards the new equilibrium. As a conse­
quence spuriously high survival rates will be 
observed, higher by a constant fraction in the 
range of low antibody to virus ratios, and higher 
by a const int amount where antibody is in great 
excess, i .e , when the concentration of non- 
saturated sites becomes negligible.
Exact allowance cannot be made for this 
effect, unles s time is given for nearly complete 
equilibratioi i. If the new equilibrium is not 
reached, the dilution effect leaves the assay with 
a systematic error of unknown magnitude.
2.323. The additional dilution that comes about 
with the act of inoculation is additive to the 
effect just discussed. If the set of susceptible cells 
is not washed subsequently, this stage of the 
assay will introduce no further error.
If the system is flooded, free antibody will be 
removed, as well as a certain unknown fraction of 
neutralized virus. On the whole the effect is much 
the same as that of dilution: incompletely neu­
tralized virus will be reactivated roughly in 
proportion to the fraction of sites occupied, 
while fully neutralized (saturated) virus will 
show a constant level of reactivation. The quan­
titative aspects will remain unknown until the 
washed away-portion has been analysed.
2.324. The technique which includes washing 
of the host cells has, during the stage of viral 
multiplication, an error similar in kind but 
lower in order to those characterizing the stage 
of dilution and inoculation. This is due to some 
neutralized virus becoming free during the long 
period of incubation (see 2.24).
Where antibody is left in the medium surround­
ing the infected tissue, the consequences will be 
as envisaged in the second half of Section 2.24.
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Part of the progeny virus will be neutralized, 
and thus the rate of multiplication may be 
reduced considerably in its early stages and less 
so later. Unless allowance is made for this slowing 
down, the surviving fraction will be underesti­
mated. If sufficient time is given, all particles 
that started multiplying will eventually give rise 
to the expected symptoms as, according to 1.31a, 
an amount of antibody that could not completely 
neutralize the initial dose of virus will not neu­
tralize a dose constantly increasing. If spread 
from cell to cell bypasses the medium, the pres­
ence of antibody has no effect, and the lesions 
will appear at the usual time.
SUMMARY
The statistical-kinetic theory of reactions is 
applied to the system of virus and its specific 
antibody. The mathematical model defines, with­
out any additional assumptions whatever, the 
rate at which virus-antibody unions are formed 
and broken, as well as the equilibrium state of the
system. Equations covering the effects of dilution, 
of altering the concentration of any component, 
and of competition set up between similar re­
agents are derived and solved explicitly.
Based on this model, the biological action of 
antibodies is considered in the form of several 
equally likely alternatives. Choice of the appropri­
ate mechanism of neutralization must rest on 
experiment.
The methods available for the study of the 
neutralization of infectivity are shown to carry 
various systematic errors. The nature and magni­
tude of these is discussed, and means are proposed 
by which they can be either avoided or accounted 
for quantitatively.
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The careful and comprehensive study of the 
neutralization of Western equine encephalitis 
(WEE) and poliomyelitis-1 (PI) viruses on mono- 
layer tissue cultures led Dulbecco, Vogt and 
Strickland (1) to the conclusions a) that the 
combination of virus and antibody was, for all 
practical purposes, irreversible; b) that a single 
molecule of antibody will neutralize a virus 
particle, the “antibody equivalent” being 
uniquely defined in terms of the virus concentra­
tion; and c) that characteristics of the neutrali­
zation process are independent of the cell system 
used in the assay. Since, however, a fixed fraction 
of the viruses was found to remain infective 
whatever the amount of antibody added, and 
some of the bound antibody could be removed by 
and transferred to subsequently added live or 
dead virus, two restricting assumptions had to be 
incorporated into the theory: first, that each 
virus preparation contains a fixed fraction of non- 
neutralizable virus, and second, that antibody is 
transferred from neutralized to non-neutralized 
particles when the two collide in the course of 
their thermal movement.
The basic tenets of this model, which we shall 
call the “nondissociation hypothesis,” or HN for 
short, have been stated formally by Dulbecco 
: I et al. (1); the contending alternative, the “dis­
sociation hypothesis,” or HD, has been developed 
in the first paper of this series (2). These two 
will now be compared and their implications 
checked against the published data of Dulbecco 
et al. I t will be shown that whereas the dissoci­
ation hypothesis both accounts for all observa­
tions and predicts certain trends not explicitly 
recognized in the original paper, the nondissoci­
ation hypothesis is found to be internally incon­
sistent, its implications at variance with experi­
mental facts, the first of the restricting postulates 
superfluous, and the second inadequate.
3.1. Interpretative equivalence of the models
To establish the dissociation hypothesis on an 
equal footing with that of Dulbecco et al., it has 
to be shown first that it will represent their data 
equally well.
3.11. Basic experiments. Generally, the experi­
ments were of 2 kinds: a) survival of virus at 
different intervals after exposure to excess anti­
body (“kinetic curves”), and b) the survival of 
virus after completed interaction with varying 
amounts of antibody (“multiplicity curves”). 
Both log survival curves had the same shape—a 
steep, nearly linear initial slope turning fairly 
suddenly parallel to the abscissa. I t is this flat­
tening which forced Dulbecco et al. to postulate a 
“persistent fraction,” i.e., non-neutralizable 
virus.
3.12. Common assumptions. The fact, on the 
other hand, that the slope of both the kinetic and 
multiplicity curves is greatest at their origin led, 
in agreement with Dulbecco et al., to the con­
clusion that a single molecule of antibody bound 
to the right spot will neutralize the infectivity of 
a virus particle. This simplifies all models of 
neutralization (see Sect. 2.1) by restricting them 
to the boundary cases where r = 1.
Whether all sites are equivalent (i.e., s = c), 
or only a fraction of them is “critical” (i.e., 
s > c) could be decided only if unbiased multi­
plicity curves were available. Since, as will be 
shown below, this is not the case, assumptions 
have to be made at this point. Considering the 
more general case, namely that there are critical 
and noncritical sites, s will be set to equal the 
number of antibody molecules that a virus par­
ticle can accommodate on its surface. If this is an 
overestimate, it will have the effect of decreasing 
the value of the sterie factor,/, in 1.12a. As this 
latter value is determined experimentally as the 
ratio of observed and theoretical reaction rates, 
no error is introduced into the calculations as
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long as the 2 values occur, as indeed they do, in 
the form of their ratio, f/s.
No arbitrary value will be given to c, the 
number of critical sites per virus particle, as this 
is one of the unknowns to be determined by the 
study of virus-antibody interaction. Further, un­
less forced by evidence to the contrary, the value 
of c will be regarded constant.
The virus population is known to be in­
homogeneous. The value given by Dulbecco et al. 
is accepted, i.e., 13 noninfective particles for each 
infective WEE virus (F = 14F<).
3.13. Kinetic curves. This type of test is con­
cerned with the-rate of the neutralization process. 
Predictions by the two hypotheses are given in 
Equation 41 and 1.22ft1 for HN and HD respec­
tively. Since all published experiments were done 
at large excess of antibody over virus, the simplifi­
cation proposed by Dulbecco et al. obtains to 
both hypotheses, and the reactions will have 
pseudomonomolecular kinetics in the range 
studied. The simplified equations are of the same 
form, and vary pari passu when different models 
of neutralization are considered. As such equa­
tions can be made identical by equating their 
constants, it is obvious that if one of them fits a 
set of data, so does the other
3.14. Multiplicity curves. Experiments of this 
kind test for residual infectivity in mixtures of 
virus and antibody brought together for periods 
deemed long enough to allow complete inter­
action. Theoretical expectations of HN can be 
derived from Equation 7, which describes the 
reaction between antibody and the neutralizable 
fraction of virus; to this has to be added the 
“persistent fraction” which at higher ratios of 
antibody to virus becomes noticeable, and domi­
nant at large excess of antibody.
The dissociation hypothesis predicts the course 
of multiplicity curves in 1.22e. I t is a corollary of 
HD that a certain fraction of virus neutralized at 
any point of this curve can be reactivated during 
assay. Since the technique mostly involved large 
dilutions and always flooding away excess anti­
body, free antibody left in the system becomes 
negligible. A certain fraction of virus, free, 
partially or completely coated with antibody, will 
stay bound to cells, as envisaged in 2.23 and ex­
1 References by serial numbers are to equations,
tables and figures in the paper by Dulbecco et al.
(1); those in the digital system to the papers of
this series.
perimentally demonstrated for WEE virus by 
Dulbecco et al. (their Table 13). Dissociation of 
combined antibody will then occur by a first 
order process, at least initially, and a constant 
fraction of occupied sites will become free during 
a standard assay. The observed multiplicity of 
neutralization {i.e., the mean number of critical 
sites occupied) will thus be lower by a fraction, 
p, than it was in the reaction tube. Clearly, this 
relation holds equally in the range of saturation 
where all sites are occupied before assay, and a 
number of critical sites, pc, will remain so at its 
completion. Formally, using now the usual nota­
tion of Fo for the initial concentration of infective 
virus and F  for its final concentration, the 
surviving fraction of virus is given by
m
L F o J t ,
and [ f „]0
(3.14a)
ß -p y ( ,c /a V
where (yc/sV) corresponds to the multiplicity of 
neutralization, m, in the notation of Dulbecco 
et al.
If the Poissonian limit in 2.12d is an inadequate 
approximation, the binomial formula must be 
used, and this will give
m  = (1 _  jl\
| _ F o J t r u e  V  « V  ’
observed
Thus at infinite excess of antibody the observed 
multiplicity curves will level out at exp {— pc} 
for 3.14a, and at (1 — p'Y for 3.14b. The differ­
ence from this asymptote becomes too small to be 
distinguished experimentally once the virus is at 
least 2/% saturated with antibody {y/sY^ > 0.7).
3.16. Interpretation of the basic experiments. To 
demonstrate graphically the equivalence of the 
two models, the example of PI virus is chosen, 
since it complies with the nondissociation hy­
pothesis more closely than does WEE virus, and 
its multiplicity curves are more completely deter­
mined. The expected multiplicity curve will be 
calculated from 1.22e, but to do this numerical 
values have to be assumed for the parameters. 
Taking 1.93 X 1015 molecules of antibody/cm3 of 
serum (3) and finding from Table 10 that a dilu­
tion of 5.10-3 is equivalent to the saturation level 
(c = 12), we obtain 5.10~3 X 1.93 X 1015 =
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9 6  X 1012 for sl£, the total number of sites. The 
concentration of bound antibody, y, can be de­
rived from the first entries of Table 10. Since no 
free antibody was detectable, y will be taken to 
equal A, and {A -  y) cannot be greater than the 
error of plaque counts, about 0.3 m, that is, 
<2.5 X 10-4 of undiluted serum. Thus
2 X IO"3 X 1.93 X 10«>________
K = (9.6 X 10“ -  2 X IO“3 X 1.93 X 1016) •
• (< 2.5 X IO“4 X 1.93 X 1016)
> 1.4 X 10-“
Since this is a limiting minimum, we shall assume 
K = 10-11. (The correctness of these figures is 
irrelevant to the argument, as long as the set is 
consistent. Different values for s, TJ or A would 
only be reflected by a corresponding change in K.)
From 1.22e the values of y for different values 
of A can now be calculated, and by entering them 
in 3.14a and 3.14b the true F /F 0 ratios are ob­
tained. Both these curves are shown in Figure
3.15, and it is evident that the Poissonian limit, 
3.14a, is a good approximation to the binomial 
(3.14b) only as long as either c is large (c ~  s) 
or the multiplicity of neutralization, y/sVv  is 
much smaller than unity. These curves run well 
below the experimentally determined survival 
curve which is seen to level out at 5 X 10 3. 
Since in this region the y/sV^ ratio differs in­
significantly from 1, the second part of equations 
3.14a and 3.14b becomes 5 X 10~3 = exp 
{ —pc} = (1 — p'Y, giving directly p = 0.44 and 
p' = 0.36. By use of the reactivation factors, the 
survival values to be expected at the end of the 
assay can be computed for the whole course of the 
curve, and these are found to coincide with the 
experimentally observed curve.
Taking the initial slope of the observed curve 
to define a scale of “antibody equivalents,” the 
true multiplicity curve for HN is calculated, and 
allowing of a “persistent fraction” of 5 X 10 3, 
the observed curve expected on this hypothesis. 
This, again, is indistinguishable from the experi­
mentally observed curve.
Clearly, the predictions of observed F /F 0 
ratios are the same for the two hypotheses, both 
falling on the empirical multiplicity curve. I t is 
also obvious that the dissociation hypothesis 
combined with an ideal assay {i.e., no reactivation 
during testing) would give a curve of the same 
general form, and the appropriate constants 
could be found by fitting it to the experimental
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Figure 3.15. Comparison of theoretical and 
observed neutralization curves. (The curves for 
the dissociation hypothesis were calculated from 
Equations 3.14a and 3.14b; those for the nondisso­
ciation hypothesis from Equation 7 of Dulbecco 
et al. (1). The “observed” multiplicity curve con­
nects the experimental points obtained with 
Poliovirus type 1 vs. rabbit antiserum (1), and 
coincides with the theoretical curves corrected 
for systematic errors of assay in the case of HD, 
or for the “persistent fraction” in the case of HN.)
points. Hence, whether or not the assay gives 
true survival values, the basic observations of 
Dulbecco et al. can be equally well interpreted 
by HD.
3.16. The reactivation factor. As determined 
above, p is a proportionality factor and chosen to 
give the best fit of the theoretical curve to the 
experimental points. There is, however a way of 
arriving at the same result in a less arbitrary 
manner.
When excess antibody is used and the kinetic 
curve is initially of pseudofirst order, the surviving 
fraction ln (F/Fo) = ~ {k js )  X {cAt/sVJ. From 
the rate of neutralization of PI virus (Fig. 3) 
the mean value obtained for ka/s is 3.23 X 10 l6. 
Taking K — 10 11, this yields kd = 3.23 X 10 V 
sec (c/. 1.13a). Now, suppose dissociation during 
the first 6 hr of the assay occurs into virtually 
infinite dilution of antibody:
number of sites occupied at (Ö _ 
kd t — In 0f gites occupied at (fo)
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This gives p — 0.498 in, probably fortuitous, 
agreement with the earlier derived p = 0.44. 
Yet, it shows that the partly assumed values for 
the above constants are organized into an in­
ternally consistent scheme which adequately de­
scribes the observed phenomena. The absolute 
values of the parameters, however, cannot be 
determined from the present data, since to do this 
we must know c, s, Vj and A, and the first two 
remain unknown, as in the published experiments 
they are always confounded with either the rate 
constant or the dilution error.
Similar calculations on the system WEE virus 
and horse serum yield ka/s = 3.54 X 10 '5, 
K  > 10-12, and hence kd < 3.54 X ICE3. The 
product of the reactivation factor and the number 
of critical sites comes to 5.8, which, assuming 
c = 15 with Dulbecco et al., would make p = 0.28.
3.2. Crucial tests
Since either model seems to account for the 
general properties of both the kinetic and multi­
plicity curves, comparison at this level cannot 
discriminate between the two. Examining their 
detailed implications, on the other hand, is bound 
to reveal points at which their predictions are 
contradictory, that is, regions for critical testing. 
These are, essentially, the systematic errors of 
assay postulated by the dissociation hypothesis 
and denied by the other, and the correctness of 
the two restrictive assumptions required only by 
the model of Dulbecco et al. As the reference 
material is deliberately restricted to their ob­
servations, only such differences will be considered 
as can be checked directly against the published 
data.
Both hypotheses envisage, rightly or wrongly, 
the same mechanism for the neutralization 
process, so that this part of the assay cannot be 
used to differentiate between the two.
3.21. Effect of dilution. Predictions concerning 
the next stage (preparatory dilution) are funda­
mentally different. HN allows of no change here 
and, indeed, this is the basis of all their calcula­
tions as well as the justification for the technical 
innovation of flooding away excess antibody from 
the plates. HD postulates an increase in the 
number of survivors, the magnitude of the change 
depending on the dilution factor (c/. 1.31a).
The issue can be decided on the experimental 
material of Tables 1, 2, 3, 4, 5 and Figure 1— 
these contain all the tests in which WEE virus
TABLE 3.21
Comparison of the surviving fractions of WEE virus 
when virus-antibody mixtures are assayed with 
or without preliminary dilution. Data of Dul­
becco et al. (I).
Platings After Preliminary Dilution Undiluted Platings
Reference —Log (V/Vo Reference —Log(V/Vo)
Table 1—entry 1 2.54 Table 1—entry 3 3.24
Table 1—entry 4 2.40 Table 1—entry 6 2.96
Table 2—entry 1 1.24 Table 1—entry 7 2.75
’Table 2—entry 2 1.57 Table 1—entry 8 3.16
Table 2—entry 3 1.22 Table 1—entry 9 2.96
Table 2—entry 4 1.15 Table 4—entry 1 4.52
Table 2—entry 5 1.96 Table 4—entry 2 4.30
'Table 2—entry 6 2.00 Table 4—entry 3 4.05
’Table 2—entry 7 1.80 Table 4—entry 4 4.43
’Table 2—entry 8 1.92 Table 4—entry 5 4.24
T able 2—entry 9 1.80
Table 2—entry 10 2.19
Table 2—entry 11 2.30
Table 2—entry 12 2.38
Table 3—entry 1 2.76
Table 3—entry 2 2.52
Table 3—entry 3 2.66
Table 3—entry 4 2.47
Table 5—entry 2 3.00
Fig. 1—entry 6 2.37
Fig. 1—entry 7 2.27
Fig. 1—entry 8 2.30
Mean................. 2.128 3.661
±  Standard ±  Standard
error............... 1.054 error.............. 1.223
ANALYSIS OF VARIANCE
Source of 
Variation Degrees ol Freedom
1
Variance VarianceRatio Probability
Dilution l 16.153 49.39 «0.001***
Error 30 0.327 (Probo.0 0 1 )
ss 13.29)
and horse antiserum were brought together at 
multiplicities of 10 or more. The only difference 
between entries is that in some instances high 
concentrations of virus were used, and the re­
action mixtures had to be diluted before plating; 
in others low concentrations of virus were used, 
and here the mixtures were plated without pre­
liminary dilution. These two groups shall be com­
pared now.
Since the difference between diluted and un-
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diluted platings is highly significant, this analysis 
-ields an unequivocal answer: the results are as 
predicted by HD, and incompatible with HN.
As the paper of Dulbecco et al. contains no 
record of undiluted platings of PI virus, similar 
calculations on that system cannot be made. 
There are however other, independent methods 
applicable to both viruses.
3.22. Effect of varying virus-antibody ratio. The 
surviving fraction of virus is V/Fo = exp 
( — m/n),  according to Equation 7 of Dulbecco 
et al. and, in theory, this formula should hold to 
good approximation in the range of m/n < 0.4. 
Our Equation 2.12d is of the same form, and the 
two can be made identical by equating the con­
stants (i.e., n = s/c). The difference of the 
hypotheses lies in the definition of m, the multi­
plicity of neutralization. In the nondissociation 
hypothesis m = A / V o , i.e., the “input multi­
plicity” , as defined on page 194 of their paper; 
in the dissociation hypothesis m = y /V 0, i.e., 
the “equilibrium multiplicity” , as defined by our 
Equation 1.21b. This difference shall serve as our 
next test criterion.
Written in logarithmic form Equation 7 of 
Dulbecco et al. reads In (7/Vo) = — A/Von. 
By dividing both sides by A /Vo we obtain
Vo V  =  _  1
A  Vo n const. (3.22a)
that is, the logarithm of the observed surviving 
fraction divided by the input multiplicity should 
give a constant, as long as the average saturation 
is <0.4, as stipulated by Dulbecco et al. The 
same treatment of the HD formula yields not a 
constant but a linear equation in y / A :
y c y
— - = — const. (3.22b) A s A
Dilution and plating errors, nonexistent according 
to HN, would have a double effect. First, the 
constant of 3.22b would be multiplied by the re­
activation factor p—this does not affect the shape 
of the curve; second, the multiplicity would be 
underestimated by the same factor p, and thus 
the observed points would lie closer to saturation. 
In this area the simplified multiplicity formula 
does not hold, and the curve will gradually 
flatten. Since Equation 1.21b gives a hyperbolic 
(y, A ) plot, the flattening over this range can be 
taken as approximately exponential. As a result,
the regression of log — ^  on W^1 bend
towards the abscissa as y/A increases. More 
specifically, the logarithms of these two quanti­
ties should plot as a straight line whose slope is 
less than unity. Such a plot is given for both WEE 
and PI. Figure 3.22 contains all the 29 tests on 
the former and horse serum at observed multi-
c 50
Figure $.22. Discrimination between dissociable and nondissociable virus-antibody union. (The 
slope expected on the nondissociation model is given by the broken line. The actual slope, ±  its stand­
ard error, was obtained by the method of least squares from the experimental data of Dulbecco et al. 
' ' Ldt side: Western equine encephalitis virus vs. horse antiserum; right side: Poliovirus type 1 vs.
rabbit antiserum.)
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plicities of < 6, and all 11 on the latter and rabbit 
serum at multiplicities of <4.8.
3.221. The nondissociation model demands 
(V0/A) log (F /F 0) to be constant. In statistical 
terms this means that the variance of tests done 
at different multiplicities should not be signifi­
cantly greater than the variance of replicate tests. 
The found variance ratio of 22.18 (8 and 20 
degrees of freedom) for WEE is significant well 
below the 0.001 level, and thus incompatible with 
the hypothesis of Dulbecco et al.
3.222. The same conclusion may be drawn 
from the calculated correlation coefficient of 
+0.798 (P «  0.001). This test is more informa­
tive insofar as it not only dismisses HN (which 
allows no correlation), but supports HD (which 
demands strong positive correlation). Further­
more, as this test does not depend on replication 
for its error term, it can be applied to PI virus 
too. The trend here is the same: r = +0 890 
(P «  0.001).
3.223. The validity of HD can be examined by 
further testing its predictions. The deviations 
from linearity were found nonsignificant for both 
WEE and PI viruses, in agreement with the 
postulate. The slope of the log-log plot is 0.464 ±  
0.067 for WEE and 0.271 ±  0.015 for PI, again 
as predicted.
In sum, the first of these tests rules out the 
nondissociation model; the second discriminates
[VOL. g j
log
Figure 3.23. Effect of systematic errors on the 
equilibrium constant. (The regression line, ±  its 
standard error, were calculated by the method of 
least squares from the experimental data of Dul­
becco et al. (1) on Western equine encephalitis 
virus vs. horse antiserum.)
between HN and HD, whether there are system, 
atic errors in the assay or not; and the third 
proves that such errors are operative.
3.23. Behavior of the equilibrium constant. Al­
though the previous sections made use of all 
published data obtained at either low or high 
multiplicities, there are other tests which can 
make independent use of the same observations, 
and which are valid for all multiplicities. For 
instance, if the equilibrium constant K  is deter­
mined from the initial concentrations of virus, 
antibody, and the observed surviving fraction, it 
will give constant values only if there is no dis­
sociation during assay. If dilution and plating 
errors enter and are ignored, the calculated value 
of FT will be incorrect, and inversely related to the 
dilution factor (cf. 1.31a). As seen from this 
equation, the functional relationship is complex, 
but it can be predicted that at high virus concen­
trations the (K , Vf) curve will tend to run parallel 
to the abscissa, and at low ^parallel to the ordi­
nate, thus describing a roughly hyperbolic course.
(Note that, unlike the first two sets of tests, 
this method is one-sided: while it cannot test HN 
which does not admit of a variable equilibrium, 
it judges HD by the most stringent criteria of 
validity. Hence, if the outcome is not as predicted, 
HD cannot be upheld; if it is positive, the evi­
dence strongly supports HD, without however 
discounting HN.)
All 46 tests on WEE virus and horse serum ob­
tained in the two large multiplicity experiments 
(Tables 2 and 6) are plotted in Figure 3.23. 
The trend is, clearly, as predicted. If statistical 
proof be needed, the covariance analysis of log K  
and log I  shows strong negative correlation 
(r = -0.862; P «  0.001), highly significant 
regression (the slope, h = -0.708 ±  0.063;
P «  0.001), and good linearity of the floe K 
log F) plot.
3.24- Effect of the host tissue. The type of host 
cell used in the assay cannot influence the results 
according to HN, but may do so in HD as it is a 
partner in the mechanism that governs the plat­
ing error. Figure 8 of Dulbecco et al. shows that 
in fact the readings from assays using monkey 
kidney cells and HeLa cells coincide. Curiously, in 
this figure virus titer (F) is plotted on the ordi­
nate, and not survival (i.e., F /F 0) as in all other 
figures of their paper. If Figure 8 is replotted in 
the usual manner, the curves do not coincide at 
all, and the difference becomes significant indeed
1958]
„ = 0.002). This point is made not so much to 
rove that the surviving fraction may depend to 
a certain measure on the host system used in the 
assay, but to show how sensitive the F /F 0 plot 
is to even minimal variation in Fo . To this we 
shall return later.
3.25. Postinoculation errors. The plating and 
multiplication errors (discussed in 2.323 and 
2.324, respectively) cannot be used for crucial 
testing, as the only data available are 5 entries of 
Table 1, and although the differences are striking, 
the 2 effects are here confounded. Since these 2 
errors are opposed to each other and we have no 
information about their magnitude, not even the 
direction of the shift can be predicted when both 
are operative.
3.3. Critique of the assumptions
3.31. The “persistent fraction.” As has been 
shown, the dissociation hypothesis accounts for 
the shape of both the kinetic and multiplicity 
curves without any reference to a “persistent 
fraction” of non-neutralizable virus. This renders 
its assumption only superfluous; that it is also 
unjustifiable on theoretical as well as practical 
grounds will be clear from the following points.
3.311. If the “persistent fraction” fraction 
were due to random assembly of building units,
as postulated by Dulbecco et al., its size would be
A  _  A  b
determined by the binomial probability ( -  ) ,
where b is the number of building units that make 
up the virus surface. This value is 3.1 X 10 7 for 
WEE virus (c = 15), and 6.2 X 10“ 6 for PI 
(c = 12), provided b is much larger than c. This 
is certainly so since even the number of antibody 
binding sites, s, is much greater than c. These 
values are too low by at least three orders of 
magnitude, and sufficient to discount the postu­
lated origin of the “persistent fraction.”
3.321. If, by some other mechanism, the “per­
sistent fraction” still existed, its size should be 
the same whatever serum is used in the tests as, 
by definition, it is independent of antibody. Ex­
amining the data in this regard, we obtain for 
WEE virus the value of Hr2 1 2 8 * 0 034 with horse 
serum (from Tables 1, 2, 3, 5 and Fig. 1), and 
10-8.223±o.332 with rabbit serum (Fig. 5). The 
probability of the difference being due to chance is 
remote (0.01 > P > 0.001). For PI virus 
10-2.433±o.o83 w+h rabbit serum (Table 9, and Fig. 
6, 8), and 10-2m±0 041 with monkey serum (Table
7, Figs. 7 and 8); again statistically significant 
(0.01 > P > 0.001). Thus the existence of a 
constant non-neutralizable fraction is rendered 
highly unlikely.
These calculations have taken account of all 
published data, with the exception of undiluted 
platings of WEE virus (Table 4, and part of 
Table 1). The reason for treating these separately 
is the dilution effect already discussed above 
(3.21).
3.32. Exchange of antibody by direct collision. 
According to the second assumption antibody can 
be redistributed between virus particles only 
during collisions of these. Indeed, on the hypothe­
sis this is the sole mechanism possible since, 
given time for adsorption, there can be no signifi­
cant amount of antibody free unless all sites have 
been saturated. To justify this assumption, the 
number of collisions was computed by 
Smoluchowski’s equation.
Apart from the fact that incorrect values are 
entered into the equation,2 the use of this formula 
is inappropriate for several reasons.
3.321. Although it is stated in the description 
of the experiment and again in the discussion that 
a constant fraction of antibody is removed at each 
collision or, in other words, that not all collisions 
are successful but only those which happen to hit 
an adsorbed antibody molecule, no term ac­
counting for this appears in the equation. In its 
original form the equation does not cover this 
contingency and Smoluchowski, quite explicit on 
this point, postulates (page 136 of his paper) that 
each collision be successful. If the success of a 
collision is proportional to the number of anti­
body molecules on one of the colliding particles, 
the rate would have to be multiplied by to/ m, in 
the notation of Dulbecco et al. This gives initially 
0.27 for the first and 0.10 for the last entry of 
Table 12, and finally 0.15 and 0.07 respectively.
3.322. Although it has been demonstrated 
earlier in their paper that the binding of antibody 
to WEE virus required an activation energy of
2 The concentration of plaque forming units is 
taken as 2 to 5 X 108, whereas it was 2.5 X 107 in 
the experiment (Table 12); this reduces the num­
ber of collisions by an order of magnitude. The 
formula, as quoted, refers to the radius of particles 
(hence the factor 8 instead of 4, as appears in 
Smoluchowski’s paper where R  stands for “col­
lision radius” = 2r), yet the diameter is entered; 
this error further halves the number of collisions.
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tne number of successful collisions by <r 60°°/*r 
that is, by a factor of 5.7 X 10—,
Taken together, these errors lower the figure 
given by Dulbecco et al. by (0.125 to 0 051 y  
0.5 X (0.27 to 0.10) x  5.7 x  1 0 -  = 9.6 X 1<£ 
to 1.4 X 10 \i.e„  over a millionfold. Obviously, 
the number of collisions would be far from suffi- 
cient, even if the underlying model were accept­
able However, as can be shown readily, even this 
iß not the case.
SMS. If an antibody bearing particle collides 
with an empty o„e, antibody can be transferred 
to the latter. This postulate should be true ir- 
respective °f which of the partners was u.v,killed 
and which infective, and thus the model implies 
transfer in both directions. Hence, kinetically, the 
process should be a second order exchange re­
action, whereas the Smoluchowski equation, in 
the form used, defines a unidirectional zero order 
proces8. Smoluchowski himself was quite aware 
o this, and his kinetic formulae (page 142 et seq. 
of his paper) are of the orthodox form, with the 
reciprocal of the collision number appearing in the 
second order rate constant.
S.SH. The correct formula for HN would be 
exactly analogous to that describing bimolecular 
isotope exchange reactions, with here the “label” 
antibody molecule exchanged between sites 
rather than a labelled atom or group exchanged
“ ch * pro” ”  <,m  **
Rt = V ,V 2
Vi +  Vt ln (3.32a)
where R is the number of effective collisions in 
unit volume per unit time; Vt and F2 the concen­
trations of virus particles of the two kinds; and 
q the fraction of sites occupied on F , , at times 
mdicated by the subscripts (i.e., q = yJsV,). 
Since it can be reasonably assumed that the acti­
vation energy of transfer is not less than that of 
neutralization, and that the steric factor is the 
same for the two processes, the value of R is
Ä = Fi F2 (r, +  r2)*
v \mi m i)J
by analogy to the derivation used in 1 . 11 . 
Calculated by this formula, the exchange of
et al., and redistribution would take about 350
„enM y ‘he ‘h"  2 hr
3.4. Re-evaluation of the discriminatory tests of 
Dulbecco, Vogt and Strickland
“ Jew d »“  2 - i
present case a further task remains, namely to 
nd out why the tests designed by Dulbecco et al 
to discriminate between the alternatives led to the 
wrong conclusions.
34L  “Dissociation in the neutralization tube ” 
This expeniDe t (Table 3) employed observed 
multiplicities ( antibody equivalents”) ranging 
rom 4,000 to 200,000, worked at extremes J  
saturation. According to HD there should be no 
difference m observed survival here, as the dilu­
tion error is proportional to the number of oc- 
cupied sites, and not to the number of free sites 
as Dulbecco et al. seem to imply 
An informative test would cover the range of 
multiplicities over which the concentration of 
occupied sites changes significantly; such have
S:f2  "Dmoaatum during the admctien
T m m M r '  the “  (T‘ bfe 4) ™  “ »<'««1at multiplicities ranging from 600 to 60 000 and 
the s™ , objections , re clfed ,„r «, in 
ous paragraph. 1
O ^  VaI'd tef s (collectRd in 3.21, 3.22 3.23 and 
3 24) uniformly demonstrate what we called
f i ? 11 <‘P P atmg err0rS’ and thus suPPort HD.3.43. Preserve of free antibody in a mixture of
virus and antibody.” In this test (Table 5) a 
nommal multiplicity of 6 was used. Yet it is 
difficult to take this figure at its face value. Not 
only because statements of multiplicity are rather 
haphazard throughout the paper (to quote one 
instance only Table 6, in which the first 3 experi-
f r a th f f  Same mUltipIicit>-notwithstand-mg a threefold variation in A/V;  and the last 2 
experiments, reproduced also m‘Table 12, which 
ave different multiplicities in the 2 Tables al 
though the experimental data are identical),’but 
mainly because the same combination of virus 
antiserum gives observed multiplicities
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around 1.2 when averaged over the 46 entries of 
Tables 2 and 6. What is even more surprising, the 
observed survival of the control group (1.0 X 
10— = e~6-9) is interpreted as a multiplicity of 
30. This is entirely inadmissible, especially as the 
authors have gone to great lengths to demonstrate 
that the surviving fraction is constant beyond 
m > 6, and thus what they call 30 is—by their 
definition—indeterminate and could be anything 
between 6 and infinity. Apart from these numeri­
cal blemishes, the experiment suffers also from 
serious faults of design. The original input of 
antibody, deemed high enough to neutralize 
99.75% (e~‘ — 0.0025) of the virus input, was 
titrated against 5 times less virus, with the result 
of missing the end point. The residual antibody, 
likely to be reduced by a factor of at least a 
hundred, was titrated against the same amount, 
with the result of missing the end point, now in 
the opposite direction. Still, if an equilibrium 
constant is calculated on what information there 
is, it comes to <9.35 X 10—2, a value well 
within the range of other determinations, and 
implying a dissociation constant of the order 
of 10—.
A properly designed experiment of this kind 
would use a multiplicity much closer to satura­
tion, and then test both the original and the 
residual amount of antibody against a small dose 
of virus and at such dilutions that the survival 
values fall between 0.1 and 0.01. No such experi­
ment is included among those published; the 
nearest is the second half of Table 10, where PI 
virus leaves several antibody equivalents in the 
medium although, according to the results at 
twice the multiplicity, it was only half saturated.
3.44. “Reactivation of neutralized virus upon 
dilution.’’ All the tests (Table 6), were done on 
virus preparations ranging from 3.5 X 107 to 
108 plaque forming units, and these had to be 
diluted by a factor of the order of 10,000 to give 
countable plaques at the rate of survival ob­
served. Thus the difference between “contrasting” 
treatments was merely that in one the final 
dilution was reached in the normal course of the 
assay, in the other after interruption for 2 hr at 
some intermediate stage. Excess antibody was 
washed away after plating. Since reactivation is 
an invariable feature of the standard assay of 
Dulbecco et al. (see 3.21, 3.22, 3.23, and 3.24), no 
further effect can be expected from allowing some 
extra time during the dilution procedure.
To test for the dilution effect adequately such 
doses of virus should be used that can be plated, 
as controls, also without dilution. Although such 
critical experiments have not been published, 
significant reactivation can be demonstrated by 
contrasting the platings done with or without 
preparatory dilution (3.21).
The next 4 sections call for no special comment. 
The first, on the heritability of the “persistent 
fraction” of virus, is negative in character and, 
although this is what should be expected on HD, 
the results are not incompatible with HN. The 
other 3 (on inhibitors, cofactors, and strain differ­
ences) are not crucial for either hypothesis.
3.45. The section on the absorption of antibody 
(Table 10), on the other hand, is instructive in 
several ways. First, it may serve as an example of 
how sensitive the results are to even minute vari­
ations in the control group. Dulbecco et al. find
0. 18 as final survival for the control group of WEE 
virus. This corresponds to a multiplicity of 1.715 
(their value of 1.77 is incorrect, and even this 
trifling change is enough to reduce the estimate of 
critical sites from 14.9 to 13.21). Now, the ob­
served survival, being a ratio of two independent 
determinations, carries the error of ± 2 2 \/2 % ,
1. e., ±32%. The consequences of shifting the ob­
served value over the modest range of only one 
standard deviation in either direction are seen in 
Table 3.45.
If we take 0.12 instead of 0.18, the “absorbed 
antibody equivalents” show significant trend; at 
the other end patently impossible results are ob­
tained, and the trend is reversed. The same treat­
ment of the data with PI virus yields the im-
TABLE 3.45
The effect of fluctuations in the controls on the 
calculated value of absorbed antibody 
{Data from Table 10 of Dulbecco et al.)
Group Absorbed Antibody Equivalents
A 17.6 14.1 13.6 9.5
B 24.1 17.0 16.0 7.9
C 28.5 14.6 12.3 -3 .9
D 35.1 14.0 10.8 -13.4
Control* (0.12) (0.18) (0.27)
* The values in this row show the final virus 
survival. The central column gives the values 
calculated by Dulbecco et al. on the left, and the 
correct ones on the right.
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possible negative absorption at the low end, has 
no point where the amount absorbed could be re­
garded constant, and gives a highly significant 
increase with increasing multiplicity at the other 
end. (It should be remembered that the range 
chosen covers about % only of the distribution, 
and thus one out of three observations would fall 
even beyond these values.) In the light of these 
considerations it should be clear that the chosen 
technique is quite unsuited to the determination 
of the average number of critical sites, let alone 
the claim made in the discussion that the values 
thus obtained are absolute.
On the positive side, this set of experiments 
contains perhaps the most powerful proof of dis­
sociation of formed virus-antibody complexes. I t 
will be noted that the reagents are the same as 
used in Figures 5 and 6, the difference being that 
in Table 10 uncombined antibody was titrated 
back, whereas in the figures unneutralized virus 
was assayed. In the case of WEE, where the re­
action mixtures were centrifuged to remove free 
and neutralized virus, the observed multiplicities 
are uniformly higher by 296% in the reaction 
mixtures (Table 10) than at the end of a standard 
assay (Fig. 5). In the case of PI, where removal 
of virus was deemed unnecessary, the two multi­
plicities are of course identical. This combination 
of measurements on WEE virus amounts to a 
direct determination of the reactivation factor, p, 
and gives the value of 0.34 for rabbit serum. Thus, 
while these results strongly contradict the non­
dissociation hypothesis, they also contain the 
principle of a valid test for dissociation.
346. “Redistribution of adsorbed antibody.” 
The results of these tests (Table 11) are incom-
TABLE 3.46
The concentration of free antibody during redistribu­
tion between neutralized and infective WEE  
virus. [Based on data from Table 11 of Dulbecco 
et al. (/)].
Assumed
Equilib­
rium
Constant
K
Free Antibody
Half Time 
of Redis­
tribution
tYi (sec­
onds)
Before | After
Redistribution
Ba
1 0 - n 2.8 X J-10 2.4 X 10-10 1600
10-12 1.38 X 10-“ 1.34 X 10-“ 140
10“ 13 2.64 X 10-n 2.62 X 10-" 30
patible with HN and, as has been shown in 3.32, 
even with the auxiliary assumption it does not 
account for the findings. What remains to be 
shown is that HD does.
Unfortunately, Dulbecco et al. omitted to give 
the quantities of virus and antibody used in these 
experiments. Furthermore, the second column of 
Table 11 is incorrect, since it equates results ob­
tained with rabbit serum to horse serum, a pro­
cedure against which the reader is specifically 
warned in the footnote of page 172. Thus all one 
can do is to assume, as is likely, that undiluted 
virus was used, and work out the corresponding 
serum concentrations from the data of other 
tables. This would give 5 X 108 pfu/ml of WEE 
virus, 9.6 X 10-2 of horse serum for the first 
entry of Table 11, and correspondingly lower 
concentrations of serum for the others. With 
these values the size of the antibody pool can be 
estimated for ta (time of addition of fresh virus) 
and (time of final equilibrium). These values 
are the roots of 1.22a and 1.321d respectively, and 
are tabulated under the headings B a and Bx in 
Table 3.46, for 3 different values of the equi­
librium constant, K.
Evidently, even the greatest difference (with 
K  = 10—n) is negligible in terms of experimental 
error, and thus the Bodenstein treatment is 
applicable. The last column of Table 3.46 gives 
the time required for half of the redistribution to 
be completed; this time is less than an hour in all 
cases considered. In the experiments at least 2 
half times of reaction (2 hrs) were allowed, and 
the observed redistribution is between 75 and 
100%. Hence the dissociation hypothesis is ade­
quate to account for the empirical facts.
347. “Reactivation of neutralized virus.” Once 
more, these experiments (Table 12) contradict 
the nondissociation model, even after assuming 
removal of antibody by direct collision, the fal­
lacies of which assumption have been laid bare in 
3.32. The dissociation model, on the other hand, 
accounts readily for the observations since, by 
taking as high a value as 10~u for the equi­
librium constant and envisaging only first order 
dissociation, the time required for 1.4-fold re­
activation is about 17 min; with lower values of 
K, the time required for a given degree of re­
activation, will be even less. More accurate 
calculations are impeded by our ignorance of the 
rate constants characterizing the reactivating 
agent; as long as these remain unknown equation
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1.322c cannot be solved, and the above values 
have to be taken as limiting maximum rates.
SUMMARY
The experimental data of Dulbecco, Vogt and 
Strickland are used to discriminate between two 
hypotheses on the mechanism by which the in- 
fectivity of viruses is neutralized.
The orthodox hypothesis of dissociation, as de­
veloped by Fazekas de St.Groth, Watson and 
. Reid (2) and the nondissociation hypothesis of 
Dulbecco et al. (1) are found to account equally 
well for the trivial features of the neutralization 
process.
At the quantitative level however, the nondis­
sociation hypothesis becomes incompatible with 
the experimental evidence on several counts; 
what it postulates as constants are seen to vary 
systematically; and its basic assumptions prove 
to be either inadequate or unnecessary. The dis­
sociation hypothesis is not contradicted at any 
point by the same evidence.
Finally, it is shown that the discriminatory 
tests listed in support of the nondissociation 
hypothesis by Dulbecco et al. are, for the most 
part, inconclusive as their results are confounded 
with the systematic errors of the assay technique; 
the remainder directly contradicts their hy­
pothesis. The dissociation hypothesis fits this 
further set of data too.
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